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SUMMARY

INTRODUCTION

Selenium: Essential Element

Selenium (Se) is an essential element for human health. It has been recognized as
antioxidant and its presence is related with reduction of certain types of cancer and other
diseases. Se can be incorporated into proteins within the amino acid SeCys. These proteins,
called selenoproteins, exert vital functions in the body: 1) they are essential antioxidant
enzymes that fight cancer and other chemical toxicities, 2) they act as thyroid hormone
regulators and thyroid function, 3) structural proteins in sperm required for fertility, and 4)

they can reduce the virulence associated with certain viral infections including HIV-1.

The concentration range in which selenium is considered toxic or essential is very narrow.
It has been estimated that the ingestion of foodstuffs with a Se content above 1 ug/Se g can
induce toxicity, meanwhile a concentration below 0.1 pg/g leads to deficient status. Because of
this, studies focused on bioaccumulation, biotransformation and bioavailability of Se have

attracted the interest of the analytical chemistry community.



Summary

Se is mainly circulated to the food chain via crop plants and feed, and it is known that Se
concentrations are dependent on the concentration of this element in the soil. The content of
Se in diets of several regions of the World has been estimated insufficient to reach the correct
activity of certain selenoenzymes. This fact justifies the growth interest in the production of Se
enriched food and nutritional supplements. Vegetables are one of the main Se sources in the
diet of human and animals. For a wide variety of plants, agronomic biofortification has been
successfully applied in order to increase the daily Se intake in areas where the agricultural soils

are low in Se.

Fish and shellfish are rich in Se, although the levels of Se vary depending on fish species.
Fish can take up Se directly from the water and/or by eating other marine species and
phytoplankton through the food chain. It is very important to remark that to adequately
establish the risks of Se consumption or supplementation, knowledge of the different chemical
forms is extremely needed. In this term, the necessity to develop new analytical
methodologies for Se species identification and quantification in biological matrix is still being

an important issue.

It is known that hyphenated techniques based on the coupling of the chromatography
mechanism to a sensitive detector (inductive coupled plasma-mass spectrometry (ICP-MS),
inductive coupled plasma-optical emission spectrometry (ICP-OES) or atomic absorption
spectrometry (AAS)) constitute a useful tool to identify and quantify Se species in biological
samples. Whereas size exclusion chromatography (SEC) has been very used in the separation
of Se-containing proteins, other chromatographic mechanisms such as high-performance liquid
chromatography (HPLC) have allowed the identification of low-molecular-weight Se

compounds.

Before the chromatographic separation, the species must be extracted from the solid
samples where identification and determination of the selenium species is intended. This is the
first stage of the analytical process, and the selected methods must be suitable to prevent
species interconversion. In the case of Se, enzymatic hydrolysis by using non-specific proteases
is the most common method, since it offers the advantages of mild conditions and selectivity.
The combination of different analytical methodologies and chromatographic techniques is
crucial to achieve an unambiguous Se-species identification. Additionally, isotope dilution
analysis combined with mass spectrometry is considered an excellent alternative to

quantitative elemental speciation. This technique does not only allow a precise quantification
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of species but it is also able to correct the possible transformation or degradation of species

during sample treatment.

Inorganic Nanoparticles: Selenium Nanoparticles and Titanium Dioxide Nanoparticles

Nanomaterials (NMs) are commonly regarded as materials with at least one dimension
below 100 nm. They include nanofilms and coatings (< 100 nm in 1 dimension), nanotubes and
wires (< 100 nm in 2 dimensions) and nanoparticles (< 100 nm in 3 dimensions). Nanoparticles
(NPs) can occur naturally (e.g. in ashes, as soil particles or bio molecules), be produced

unintentionally (e.g. in Diesel exhausts) or be intentionally engineered.

As a consequence of their size, NPs show different physic-chemical properties compared to
their respective bulk material. These include changes in optical properties, thermal behavior,

material strength, solubility, conductivity and (photo) catalytic activity.

Currently, the presence of NMs is becoming common in a wide range of products and
sectors including medicine, cosmetics, clothing, engineering, electronics, and food. Given the
increasing use of NPs, key questions concerning the new risks should be considered. Although
many toxicological studies have been performed, there is still some controversy on the

mechanisms involved in NPs-induced genotoxicity and carcinogenicity.

The present Doctoral Thesis is focused on Se NPs and TiO, NPs. As it has been mentioned
before, Se is one of the essential trace elements in the body because of its antioxidative as well
as pro-oxidative effect, and has great importance in nutrition and medicine. Se occurs in a
variety of oxidation states, like selenite, selenite, oxyanions, selenide and elemental selenium.
This latter in a nanometric size is known as Se NPs. This type of NPs is attracting increasing

attention on account of their excellent biological activities and low toxicity.

On the other hand, TiO, is a semiconductor with several applications such as pigments,
optical filters, antireflection coatings, chemical sensors, catalysts, and sterilization materials.
The crystal forms of TiO, are anatase, rutile, and brookite. The size and shape of the TiO,
particles have a strong influence on their functional properties, specific surface area, phase
transition temperatures, and stability of the different phases. Besides of the applications cited
above, TiO, NPs are frequently used as additives and glidants (“anti-caking agents”) in the food
industry, and are also included in sunscreens and cosmetics products due to their protective

skills against UV radiation.
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Knowledge on size, shape, surface area, aggregation state, charge, chemistry, and reactivity
of NPs is essential when evaluating their toxicity and behavior. To obtain correct information
on the physical and chemical properties of NPs, reliable quantitative methods of analysis are
needed. A wide range of analytical techniques such as microscopy, chromatography,
centrifugation and filtration, spectroscopic, and other related methods have been used for
various purposes: characterization of particle size, morphology and aggregation state, chemical
characterization, and surface chemical analysis. The use of separation techniques such as liquid
chromatography or field flow fraction are very promising approaches in this field. This latter is
an emergent technique for size separation of natural and inorganic NPs. The UV detector is the
most common system used in combination with FFF, but this separation technique can be
coupled to a range of sensitive and multi-element detectors such as multi-angle laser light

scattering (MALLS) and mass spectrometers (ICPMS).

Finally, in order to evaluate the biological effects and the mechanisms involved in NPs-alive
organism interaction, different bio-analytical techniques are available. Some of most common

techniques are: spectrophometric assays, microscopy, flow cytometry, and proteomic tools.

OBIJETIVES

The main goals of this work are focused on evaluation of Se bioaccumulation and
biotransformation processes in biological samples, and on the biological effects of a “special”
Se compound: Se NPs. Following this research line, and given the increasing use of
nanotechnology, the development of a suitable analytical methodology for characterizing and

quantifying NPs in consumer products was the last target.
The individual goals are detailed as follows:

1. Study of agronomic biofortification with Se of Brassica rapa and Brassica napus species to

increase nutritional quality of meal, which is an important protein source in ruminant diets.

1.1. Evaluation of Se uptake and biotransformation capability of both species
1.2. Study of biofortification effects on plants growth

1.3. Study of possible detoxification mechanisms

12
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2. Determination of Se, Hg, and As levels in Clarias gariepinus in order to evaluate a possible

risk of environmental pollution.

3. Due to the high Se concentrations reported during the previous objective, it was necessary

to carry out the identification and quantification of selenocompounds in Clarias gariepinus.

3.1. Optimization of a quantitative Se species extraction based on the use of enzymatic
hydrolysis and different analytical methodologies

3.2. Accuracy quantification of SeMet by using (ID) LC-IPC-MS

4. Validation of results using different analytical methodologies and techniques based on
enzymatic extraction protocols, several chromatographic separation mechanisms and

reference certified materials.

5. Evaluation of biological effects involved in NPs-hepatic cells interaction.
5.1. Study of cell viability
5.2. Cellular uptake and NPs localization within cells
5.3. Identification of de-regulated proteins using a quantitative proteomic tool based on

metabolic labeling of proteins (SILAC) and mass spectrometry (ESI-MS/MS)

6. Characterization and quantification of TiO2 NPs in cosmetic products by AF-FFF-UV/ICP-
MS.

6.1. To Develop a straightforward calibration method using NPs standards
7. Besides of the different goals proposed, during the development of this Doctoral Thesis a
personal and professional training has been achieved by performing scientific activities such
as: collaboration in additional research projects, elaboration of reviews about scientific
interest issues, published articles, meetings and conferences, training courses, supervision of

other students, etc...

13
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RESULTS and DISCUSSION

The different research projects presented in this report have a dual purpose: on one hand,
Se bioaccumulation and biotransformation studies have been carried out in biological matrix
(plants and fish) with the aim of improving their nutritional properties, and evaluating the
possible toxic effects associated to consumption of these samples. On the other hand, issues
related to the lack of information about biological effects of Se NPs have been dealt with. The

obtained results have been used to insight into mechanisms involved in NPs-cells interaction.

At the same time, and given the increasing use of NPs in consumer products, a research
project based on the development of an analytical methodology to characterize and quantify

NPs has been performed to complete this investigation.
The results are briefly discussed below:
1. Bioaccumulation and Biotransformation of Selenium in Plants

“Agronomic biofortification of Brassica with selenium-enrichment of SeMet and its

identification in Brassica seeds and meal”

Selenium, as preivously commented, is an essential micronutrient and is circulated to the food
chain through crops. Brassica species are efficient in Se accumulation and thus, good species
for Se biofortification purposes. The residual fraction obtained after oil processing of Brassica
seeds, the meal, is an important protein source in animal diets and used in feed concentrates.
The accumulation of soil or foliar applied Se in the seeds and meal of Brassica napus and
Brassica rapa as well as its effects on growth and yield formation was studied. There is
increasing evidence that Se can have beneficial effects on the growth, yield formation and
stress tolerance of several plants. However, in our work, Se application did not affect the yield
or oil content. On the contrary, the plant morphology was affected. In the Se-treated Brassica
rapa, more siliques tended to be formed in the main branch rather than in side branches. This
indicated that the availability or distribution of carbohydrates within the plant could be

altered.

Regarding the bioaccumulation capability of these species, high levels of Se in the tested

seeds and meal (1.92-1.96 pg/g) was detected after biofortification treatments.

Biotransformation of inorganic Se was evaluated by using LC-ICP-MS previous enzymatic

hydrolysis for species extraction. Se speciation showed that up to 85% of the total Se was
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SeMet whereas other Se-species were not detected. This percentage was the same as that in
the selenised yeast used in feed additives. The dominance of SeMet as the main Se species in
both meal and seeds implied that processing of Brassica seed to defatted meal does not alter
the SeMet originally present in seeds. The use of enzymatic probe sonication allowed
quantitative extraction of Se species in a short period of time (2 min). It is known that the
action of ultrasound enhances the cleavage of proteins and complex structures. Because of
this, it has been successfully applied for samples as diverse as vegetables, meat and selenized
yeast. No differences were observed in the chromatographic profiles when comparing the
enzymatic hydrolysis using either control temperature incubator or ultrasonic probe showing
that the use of the ultrasonic probe not only allowed quantitative extraction of species but

also prevented species transformation.

“The dynamics of selenium uptake and metabolism of organic selenium species in the leaves

and seeds of Brassica napus L. “

Selenium is converted in plants from inorganic Se to various organic Se compounds via
sulphur (S) assimilation pathway. In Se hyperaccumulators plants, the synthesis of non-protein
Se amino acids such as anti-carcinogenic selenomethyl selenocysteine (SeMeSeCys) is a key
tolerance mechanism preventing the incorporation of Se in proteins. In this work, we studied
the capability of Brassica napus to synthesize organic Se species from inorganic

selenate/selenite (SeVI/SelV) as a detoxification mechanism.

It is known that Se concentrations above certain threshold can cause growth reduction in
plants without any symptoms of toxicity. The threshold for dry mass reduction is dependent on
plant species, chemical form of applied Se as well as on the availability of S in growth media. In
our experiment Se treatments resulted in transient reductions (from 3% to 28%) in leaf dry
mass accumulation after 14 days of application when Se accumulated rapidly in plant tissue,
and the biotransformation to organic compounds was activated. The growth retardation may
have been due to metabolic disturbance caused by the rapid accumulation of inorganic Se and

conversion to organic compounds such as SeMet.

Activation of APS 1-3 and SMT gene homologues were monitored concomitantly with the
accumulation of organic Se-species 6 h, 7d and 14 d after Se application to follow the kinetics
of Se metabolism. After 6 hours a 2—fold increase in transcript levels was detected together

with accumulation of selenomethionine (SeMet)(15 %) and SeMeSeCys (4 %). After 14 d, an
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amount of 33 ug Se/g was accumulated, 33 % as SeMet and 60 % as Se(VI), whereas
SeMeSeCys was no further detected. SeMet was the main organic Se compound (53 to 94 %)

detected in seeds and protein-rich meal.

A high expression of SMT gene detected in hyperaccumulators such as A. bisulcatus and S.
pinnata was related to an elevated accumulation of non-protein SeMeSeCys and MeCys.
Therefore, the SMT enzyme activity is directly involved in Se tolerance pathway. Analysis on
the putative Brassica napus SMT protein sequence revealed a substitution typical for non-
accumulators (Ala-184 Thr substitution) and may explain the low SeMeSeCys accumulation in
Brassica napus. Selenium seems to activate the synthesis of nutritionally valuable SeMeSeCys
in Brassica napus, but the capacity of this Se detoxification pathway is limited. Thus, the
absence of SeMeSeCys in the seeds may not be due to poor translocation from leaves but
rather explained by low level of synthesis accompanied probably with rapid volatilization of

methylated Se compounds.

2. Bioaccumulacion y Biotransformation of Selenium in Fish

“Levels of arsenic, mercury and selenium in Clarias gariepinus from Sagua la Grande River,
Cuba”

This study reports the concentrations of mercury (Hg) arsenic (As) and selenium (Se) in fish
tissue of Clarias gariepinus from Sagua la Grande River in the Villa Clara Province, Cuba.
Individuals were captured in three areas near Sagua la Grande City, where this fish is a
common source of food for the city inhabitants. Concentrations range of As and Hg were lower
than the recommended maximum concentration by the Cuban standard for fish consumption
in all samples, and in the same order of magnitude that the reported by other authors in
freshwater fish. However, Se concentrations in fillets of Clarias gariepinus were between 2.3
and 15.5 ug/g. It was noted that these levels were higher than the average values reported for
other freshwater fish. Average levels of Se in fillet between 0.21 and 0.64 ug/g for various
species, in the Savannah River were found- A 31.6 % of individuals captured exceeded the
threshold value for Se toxicity, which means that Se is likely to produce adverse consequences

on the fish themselves or on the wildlife organisms that eat them.
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“Screening of Se-compounds in fish muscle by LC-ICPMS. SeMet determination in fish

muscle by ‘exact matching’ species specific isotopic dilution LC-ICPMS”

The high Se levels found in muscle of Clarias gariepinus turned this sample in an interesting
matrix to carry out selenium speciation studies. These studies in fish tissues are very scarce
and in most of them mass balance data are not quantitative or included. In this study, several
sample treatments for Se-species extraction based on enzymatic hydrolysis and different
methodologies (microwave assisted extraction, ultrasonic probe assisted extraction and
incubation at controlled temperature) were compared for identification and quantification of
Se-compounds in Clarias gariepinus muscle using LC-ICP-MS- based techniques. Se-species
were quantitatively extracted by using enzymatic probe sonication with pronase E. It was
noted that the effect of pronase E is largely influenced by the nature of the extracting media
employed. In this respect the extraction efficiencies obtained were higher when 2.5:1
sample/pronase E ratio was added to 7 M urea solution in comparison with the use of
phosphate buffer solution. Generally, Se in biological samples is bound to proteins and
peptides, with the consequent need for cleavage of these structures in order to obtain a
guantitative extraction. Because of this, urea was added to Tris-HCI buffer solution since it is

usually employed as denaturing agent in protein extraction protocols.

As a step further, the effect of urea concentration on selenium efficiency was investigated
as high urea concentrations may have a negative effect on enzymatic activity. In this study, the
use of urea solution in extracting media was evaluated by testing two concentrations: 1 M and
7M. The conclusions cited above led us to consider the development of a two-steps enzymatic
protocol. First, a 7 M urea solution in Tris-HCI buffer solution at pH 7.5 was added to sample in
order to denature protein structure, and sonication of the mixture for 2 min at 40% of
ultrasound amplitude was performed (step 1). Then, enzymatic hydrolysis with pronase E
(2.5:1 sample/enzyme ratio) was carried out, being necessary the dilution of urea
concentration to 1 M (step 2). These results indicate that the use of an appropriately urea

concentration can improve outstandingly the selenium extraction.

The methodology based on the use of ultrasonic probe was chosen to perform Se
extraction from fish muscle samples due to the high extraction efficiency achieved (91+2%)
and the significant decrease in the extraction time (4 minutes versus 30 minutes and 24 hours
for MAEE and incubation, respectively). Another important aspect that should be considered in

the optimization of extraction methodology is the risk of selenium species interconversion. In
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this term, no changes in chemical form of selenium were observed after analysis of enzymatic

extracts obtained by different methodologies by (AE) LC-ICP-MS.

Screening of Se-compounds in the proteolitic extracts was performed by SEC-ICP-MS.
Selenium appeared associated to two fraction of low molecular weight (5KDa and 0.1 KDa)
with the second peak matching at the retention time of SeMet. The recovery of SEC
chromatography step was around 100-98%. However, low Se recoveries (30%) where obtained
when analyzing the proteolitic extracts by (RP) LC-ICPMS and (AE) LC-ICPMS, being only SeMet
quantitatively chromatographic recovered. In order to improve chromatographic recovery,
fractions of SEC peaks were collected and submitted to a second enzymatic hydrolysis and
then introduced to a PRP X-100 column coupled to ICP-MS. No significant improvement in
recovery was obtained after a second enzymatic hydrolysis of 5KDa Se-compounds and that
these corrupt the chromatographic HPLC recoveries of fish muscle samples. SeMet was
quantified in the fish muscle by using ‘exact matching’ species specific isotopic dilution (ID) LC-
ICP-MS. Concentrations of SeMet in two fish samples obtained by (ID) LC-ICPMS were in good
agreement with those obtained by standard addition LC-ICP-MS. To the best of our knowledge,
this is first application of species specific isotope dilution for the accurate and precise

determination of SeMet in fish tissues.

3. (Bio) Analytical methodologies focused on the Evaluation of NPs Biological Effects, and

Optimization of Analytical Strategies to NPs Characterization and Quantification

“Selenium nanoparticles inhibit in-vitro invasiveness and induce elF3-mediated cell cycle
arrest”

Se-species such as SeMeSeCys or SeMet have been proposed as protective agents against
cancer in many studies. Although the mechanism of its anticancenogenic action is not yet fully
understood, it is clear that the chemical form and the concentration in which Se is
administered, is crucial. Currently, Se NPs are receiving an increasing attention because of
their antioxidant activities and low toxicity in comparison with former organic Se-compounds
mentioned.

Se NPs were synthesized by employing chitosan (CS) polysaccharide as modifier agent.
Previous studies have demonstrated the capability of monosaccharides (glucose),
oligosaccharides (sucrose) and polysaccharides (CS) to modify the Se NPs regarding to their

diameter, morphology and stability in the liquid dispersions. Moreover, it has been reported
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that CS has antioxidant properties, suppressing the ROS formation and the associated DNA

damage response.

When carrying out an in vitro assay, it is very necessary to investigate the behavior of NPs
under physiologically conditions. The trend of NPs towards high aggregation states or
oxidation may be an important issue for future applications. In our study, the size of Se NPs
kept unchanged (40-60 nm) and a low percentage (< 0.1%) was found in form of ionic Se
during storage. These results indicated that synthesized Se NPs were stable at least for 1

month.

Flow cytometry and cell viability assays revealed that Se NPs were able to inhibit cell
proliferation, in a concentration-dependent manner, by arresting cell cycle of HepG2 cells in S

phase. In this phase of cell cycle mainly protein synthesis takes place.

NPs internalization within cells is a potentially important factor for understanding the
biological mechanisms in which they are involved. TEM analysis and determination of total Se
content by ICP-MS in cells and culture media pointed out that a low percentage of Se NPs were
uptaked and accumulated in the cells. Se NPs were detected into vacuoles and also distributed
throughout the cytoplasm of HepG2 cells around the internal side of plasma membrane.
Moreover, TEM images showed a higher vacuolization and indicated the presence of Se NPs in
subcellular organelles, such as mitochondria and endoplasmic reticulum (ER). These organelles
play an important role in a range of processes, such as cellular energy supplying, cellular
differentiation and apoptosis. The ER is considered as entry point for lipid biosynthesis as well
as for secretory and membrane proteins. The detection of Se NPs into these organelles could

be directly related with the protein synthesis inhibition induced by these.

In order to identify potential targets involved in the mechanisms responsible for this
response to Se NPs, we applied a quantitative proteomic strategy based on differential stable
isotopic labeling of cells (SILAC) in combination with biological mass spectrometry. The
proteomic approach allowed the identification of an important number of de-regulated
proteins involved in the following network functions: cell growth, cell proliferation, protein
synthesis, protein degradation, DNA replication, recombination and repair, nucleic acid
metabolism, post-translational modification and cellular death. Among all the de-regulated
proteins, eukaryotic translation initiation factor 3 (elF3) received a special attention. This
protein complex is coordinated through several elF3 subunits and is considered the largest of

the initiation factors involved in the regulation of protein synthesis and protein degradation.
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Our study revealed the over-expression and the down-expression of different elF3 subunits

related to oncogenic activity.

Immunoblotting and immunofluorescence analysis corroborated the hypothesis that elF3
complex expression was directly involved in pathway through which Se NPs exerted an

inhibitory effect on protein synthesis and cell growth.

In vitro invasion assays, in which HepG2 cells treated with Se NPs were grown in an
extracellular matrix, revealed a remarkable effect of NPs on the invasive ability of these cells in

a dose-dependent manner.

Altogether, our findings suggested that Se NPs at 1 pg/mL dose could play a pivotal role in

therapeutic treatments.

“Prospects and Difficulties in TiO, Nanoparticles Analysis in Cosmetic and Food Products
Using Asymmetrical Flow Field-Flow Fractionation Hyphenated to an Inductively Coupled

Plasma Mass Spectrometry”

The characterization and quantification of TiO, NPs in cosmetic products and foodstuffs
based on asymmetrical flow-field flow fractionation combined to an inductively coupled

plasma mass spectrometry (AF*-ICPMS) have been performed.

For efficient size-based separations and high NPs recoveries, it is necessary to optimize the
parameters that affect their elution. The separation of NPs is directly affected by instrumental
parameters (spacer dimensions and membrane characteristics; material and cut-offs), carrier
solution composition (ionic strength, use of surfactants, and pH values), and separation
conditions (injection/focusing time, cross flow rate, and injected volume). In our work, AF*-
ICPMS separation of TiO, NPs was performed using 0.2% SDS, 6% methanol at pH 8.7 as the
carrier solution. The use of surfactant agents in carrier solutions stabilizes NPs by an
electrostatic mechanism, and therefore improves the separation of NPs. However, they can
also negatively affect the efficiency of nebulization when AF* is combined with ICPMS. To
prevent this negative effect, methanol (6% v/v) was added to the carrier solution. It has been
reported that the use of organic may prevent NPs TiO, NPs aggregation, improving the

resolution of the fractograms.

When developing a method based on AF* separation, cross flow is one of the main
parameters controlling the distribution of particles through the membrane and consequently

their separation. By applying a 0.5 mL/min cross flow rate and a 30 min gradient time, the peak
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corresponding to residual NPs disappeared and the NPs eluted within a range of 15-32 min

(showing a broad peak in the fractogram due to its high aggregation).

Two problems were addressed during TiO, NPs analysis by AF*-ICPMS: size distribution
determination and quantification of the NPs. NPs size determination is a key factor to
understand their distribution in biological systems and their correlation with toxicity. To date,
obtaining adequate information on NPs sizes is still an important issue in AF* analyses. Two
approaches were used for size determination: size calibration using polystyrene latex
standards of known sizes and transmission electron microscopy (TEM). The ability of these NPs
to form aggregates provided erroneous information regarding their size distribution, and TEM

was necessary to validate the results.

As it has been commented before, considerable attention was given to quantify TiO, NPs in
this work. A method based on focused sonication for preparing NPs dispersions followed by an
online external calibration strategy based on AF*-ICP-MS, using rutile TiO, NPs as standards is
presented here for first time. The use of the ultrasonic probe (at 40% ultrasound amplitude,
for 2 min) increased NPs recovery from the AF* system, improved the reproducibility, and a
successful linear response (peak areas vs injected amount) was achieved. The developed
method allowed suppressing NPs-membrane non-specific interactions and overcome

erroneous results when quantifying by addition of ionic Ti solutions.

Regarding validation, at the 95% confidence level, no significant differences were detected
between Ti concentrations in the moisturizing cream prior sample mineralization (3865 + 139
mg Ti/kg sample), by FIA-ICPMS analysis prior NPs extraction (3770 + 24 mg Ti/kg sample), and
after using the optimized online calibration approach (3699 * 145 mg Ti/kg sample). Besides
the high Ti content found in the studied food products (sugar glass and coffee cream), TiO, NPs

were not detected.
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CONCLUSIONS

The main conclusions obtained from this research work are summarized below:

1. The agronomic biofortification with Se can improve the nutritional quality of Brassica meal
and the capacity of Brassica species to accumulate Se. This fact gives an attractive option for

increasing the SeMet concentration of animal diets.

2. We conclude that Se activates S assimilation pathway rapidly in Brassica napus. The
intensive Se uptake causes transient growth retardation, activation of Se detoxification
followed by modest synthesis of a non-protein SeMeSeCys. The SMT enzyme in Brassica napus
presented an Ala-184 Thr mutation causing a SMT/HMT dual function of the enzyme and this
could explain the low accumulation of SeMeSeCys. Transient accumulation of methylated Se
compounds indicated that the volatilization of Se compounds could be activated and acts as a

detoxification mechanism in Brassica napus.

3. High levels of Se were found in Clarias gariepinus fillets. In 31.6 % of individuals Se
concentrations exceeded threshold values for Se toxicity, which means that Se is likely to
produce adverse consequences on the fish themselves or on the wildlife organisms that eat
them. Significant differences were found for Se in fish captured in the sampling stations,

probably influenced by differences in fish size at these stations.

4. Due to the high levels of Se found in fish, it is necessary to study the effect of Se in fish and

the intake associated with fish consumption.

Se-extraction from fish muscle is not an easy task requiring the use of urea for quantitative
extracting the selenium species. Moreover, the use of focused ultrasound energy dramatically
decreased the sample treatment time compared to MAEE or bath incubation at controlled
temperature. Our results strongly indicated the formation of Se-compounds (5 kDa) after
enzymatic hydrolysis which corrupts the chromatographic recoveries of Se species. Further an
accurate and precise method was described for the determination of SeMet in fish muscle by

using by ‘exact matching’ species specific isotopic dilution (ID) LC-ICP-MS.

4. The results of MTT assay reported that the Se NPs reduced cellular viability and they had a
remarkable effect on the invasive ability of HepG2 cells in a dose-dependent manner. TEM
images showed a massive vacuolization in HepG2 cells and the presence of Se NPs in some of

these vacuoles, and organelles such as mitochondria and endoplasmatic reticulum. Flow
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cytometry analysis showed on one hand that the HepG2 cells treated with 1 ug/L Se NPs were
arrested in the S phase, and on the other hand that this fact was directly related to the down-
expression of elF3 complex (one of the main initiation factors involved in the synthesis and
degradation of proteins). Our investigations suggested that Se NPs may be a potential

candidate as chemopreventive and chemotherapeutic agent for human cancers.

5. A method based on an online external calibration strategy and AF*-ICP-MS, using rutile
TiO, NPs as standards, has been successfully applied for characterizing and quantifying of
TiO, NPs. Besides the optimization of the cross flow rate and carrier composition, the
ultrasound energy methodology used in NPs stabilization was one of the main parameters
controlling fractionation efficiency. The optimized experimental conditions provided a
complete rutile TiO, NPs recovery from the AF* system, avoiding drawbacks due to non-
specific interactions with membrane and NPs losses. The developed online calibration
method represents a promising approach for quantitative determination of TiO, NPs in
consumer products without the need of additional strategies or the use of standard

calibrates of different chemical nature.
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PRESENTACION DE LA MEMORIA

La presente memoria titulada “TITULO” se enmarca dentro de las lineas de investigacion
del grupo “Determinacién de Trazas, Especiacidon y Proteomica (TrEP)”, liderado por la Profa.
Carmen Cdmara Rica. Desde sus inicios, en 1982, este grupo ha participado en numerosos
proyectos de investigacion nacionales (Ministerio de Medio Ambiente, Ministerio de Educacion
y Ciencia, y Comunidad de Madrid) e internacionales (OIEA, Comunidad Europea). Entre sus
lineas de investigacion mas importantes se encuentran: la biotrasnformacion vy
biodisponibilidad de Se en alimentos enriquecidos, el desarrollo de métodos de andlisis para la
determinacidn de contaminantes emergentes, metales y nanoparticulas en alimentos,
muestras bioldgicas y medio ambientales, la aplicacidn de protedmica cuantitativa al andlisis
medioambiental, biomédico y de alimentos, y el desarrollo de bioestrategias analiticas
atémicas y moleculares para la identificacion de proteinas relacionadas con tratamientos
terapéuticos a base de platino. Actualmente, el grupo goza de una gran solidez en la

Comunidad Cientifica Internacional.
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Esta memoria se ha estructurado en cuatro secciones principales: INTRODUCCION,
OBJETIVOS, PARTE EXPERIMENTAL, y DISCUSION INTEGRADORA Y CONCLUSIONES, tal y como

aparece esquematizado a continuacion:

SUMARY
1

]
] . -
1 Selenio: Elemento Esencial
1

INTRODUCCION Nanoparticulas Inorganicas: Nanoparticuas de Selenio
y Nanoparticulas de Diéxido de Titanio

<______

OBJETIVOS

1
]
i
! Capitulo I: Estudios de Bioacumulacién y Biotransformacion
! de Selenio en Plantas
H Capitulo IlI: Estudios de Bioacumulacién y Biotransformacion
A4 de Selenioen Pescados

PARTE EXPERIMENTAL Capitulo 1l: Sele noprote inas
]
i Capitulo IV: Desarrollo de metodologias enfocadas a la
: evaluaciéon de los efectos asociados a la presencia de
! nanoparticulas, y a la optimizacién de estrategias analiticas
H parasu caracterizacién y cuantificacion
i
]
]
]
]
i
\4

DISCUSION INTEGRADORA
Y CONCLUSIONES

1
1
1
1
1
Trabajos de investigacion relacionados con la tesis. Desarrollo de

ANEXO | . e .
metodologias analiticas enfocadas al tratamiento de muestra

ANEXO II Glosario de Términos

En la INTRODUCCION se presentan los antecedentes y cuestiones mas importantes de los
temas de investigacidn tratados durante el desarrollo de esta tesis doctoral. Esta seccion se ha

dividido en dos partes fundamentales:

- Selenio. Parte en la cual se recogen cuestiones y estudios implicados en la esencialidad
de este elemento, asi como en sus funciones bioldgicas y distribucion en el medio

ambiente. Ademads, se hace hincapié en la necesidad de desarrollar alimentos
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enriquecidos en Se, y se detallan las metodologias analiticas mas adecuadas para la
determinacién de Se y sus especies.

- Nanoparticulas Inorganicas (nanoparticulas de selenio y nanoparticulas de didxido
de titanio). En primer lugar se ofrece una vision general de las aplicaciones de las
nanoparticulas en diferentes sectores (tecnologia, medicina, medio ambiente,
alimentos, cosmética...), y de su actual impacto en diferentes areas cientificas. De una
forma mas detallada, se presentan las nanoparticulas de Se y las nanoparticulas

didxido de titanio. Al igual que en el caso anterior, en esta parte también se hace un

repaso a las metodologias analiticas y bioanaliticas enfocadas a la caracterizacion,

cuantificacion y evaluacién de los efectos bioldgicos de las nanoparticulas inorgdnicas.

En los OBJETIVOS se presentan tanto los propdsitos marcados al inicio de este trabajo de

investigacién, como otras finalidades colaterales conseguidas durante el desarrollo del trabajo.

Cabe destacar que varios de los trabajos de investigaciéon presentados en la PARTE
EXPERIMENTAL son el fruto de colaboraciones entre el Departamento de Quimica Analitica de
la Universidad Complutense de Madrid e instituciones internacionales como: el Departamento
de Biologia Aplicada de la Universidad de Helsinki, y el Instituto de Ciencia y Tecnologia de
Ciudad de La Habana, Cuba. Esta seccién se ha dividido en cinco capitulos. Los capitulos |, y Il
estan relacionados con los estudios de bioacumulaciéon y biotransformacién de Se en muestras
bioldgicas (plantas y pescados). En el capitulo Il se presenta una revision bibliografica sobre
las contribuciones mds importantes de la quimica analitica para el estudio de selenoproteinas
y de proteinas que contiene Se. Por otra parte, el capitulo IV recoge los estudios desarrollados
durante la ultima etapa de esta tesis. Estos trabajos estdn enfocados tanto al desarrollo de
metodologias para la evaluacion de los efectos bioldgicos asociados a la presencia de
nanoparticulas, como a la optimizacién de estrategias analiticas para su caracterizacién y
cuantificacion. Por ultimo, en el ANEXO I, y siguiendo la linea de desarrollo de metodologias

analiticas, se presenta un trabajo de investigacion relacionado con la presente tesis doctoral.

Ademas de las diferentes secciones comentadas, la presente memoria consta de un
RESUMEN (summary), de un ANEXO Il (glosario de términos), y finaliza con una DISCUSION
INTEGRADORA en la que se engloban los resultados y todas las conclusiones obtenidas tras

cuatro afios de intenso trabajo.
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l. Selenio: Elemento Esencial

EI selenio (Se) es un micronutriente esencial
conimportantes funciones bioldgicas y bioquimicas
debido principalmente a sus propiedades

antioxidantes y a su capacidad para regular el

51

metabolismo de la glandula tiroidea.

Este elemento junto a otros minerales y vitaminas, constituye la principal defensa antioxidante
del organismo, protegiendo células, membranas celulares y acidos grasos contra los radicales
libres. Ademads, aumenta la produccion de glébulos blancos, neutraliza el efecto de los metales
pesados y previene las mutaciones. Se conoce que el Se ejerce un papel antagdnico frente a los
efectos téxicos de muchos metales como; arsénico, cadmio, mercurio y plomo en
organismos."™ Los efectos beneficiosos del Se en animales aparecen recogidos por primera vez
en el afio 1957 por Schwarz y col. Estos autores constataron que este elemento era capaz de
proteger a ratas con deficiencia en vitamina E frente a la necrdsis hepatica. > Sin embargo, no
fue hasta el afio 1973 cuando se comprobd que su funcién biolégica en animales estaba
asociada a su accion reductora a través de la selenocisteina presente en la enzima glutation

peroxidasa.®’

Hasta la fecha, los estudios llevados a cabo para elucidar el metabolismo de este elemento
en diversas matrices bioldgicas han sido numerosos. Estos estudios han demostrado que las

propiedades del Se (como elemento esencial o tdxico) no solamente dependen de su

29



Introduccion. Selenio: Elemento Esencial

concentracidn, sino de su forma quimica. En la Tabla 1 aparecen algunos de los compuestos de

Se encontrados en matrices biolégicas.

Tabla 1. Algunos compuestos de Se encontrados en matrices bioldgicas

Especie Férmula Quimica

Selenito Se0,”

Seleniato Se0,”

Seleniuro de hidrogéno H,Se

Metilselenol CHsSeH

Dimetilseleniuro (CH3),Se

Selenocistina CH3SeCH,CH,CH(COOH)NH,

Selenocisteina NH,CH(COOH)CH,SeSeCH,CH(COOH)NH,
Trimetil selenonio NH,CH(COOH)CH,SeH

Selenohomocistina (CH3)sSe”

Selenocistationina NH,CH(COOH)CH,CH,SeSeCH,CH,CH(COOH)NH,
Selenoetionina NH,CH(COOH)CH,SeCH,CH,CH(COOH)NH,
Selenocistamina NH,CH,CH,SeSeCH,CH;NH,
Selenoadenosilselenohocisteina NH,CH(COOH)CH,CH,SeCH,C4Hs05CsN4NH,
y-glutamil-selenometilselenocisteina CH3SeCH,CH(COOH)NHC(O)CH,CH,CH(COOH)NH,
Selenometilselenocisteina CH;3SeCH,CH(COOH)NH,

I.1. Factor Clave en la Esencialidad del Selenio: Selenoproteinas

El Se puede incorporarse a proteinas, a través de un enlace covalente, en forma del amino
acido selenocisteina (SeCys). Estas proteinas se denominan selenoproteinas y son las
responsables de conferir a este elemento su caracter esencial. El Se también puede ser
incorporado a las proteinas de forma no especifica como selenometionina (SeMet). Sin
embargo, estos compuestos no se consideran selenoproteinas, ya que no presentan ninguna

funcién bioldgica, y se denominan proteinas que contiene Se.?

Las selenoproteinas se encuentran en microorganismos unicelulares (bacterias y arqueas), y
en eucariotas. Sin embargo algunos organismos, como las levaduras y plantas, pierden el
residuo de SeCys durante su evolucidon y por lo tanto no tienen selenoproteinas, pero si
moléculas homologas de algunas selenoproteinas que contienen residuos de cisteina.’ La
mayoria de las selenoproteinas se clasifican en dos grupos segun la posicién del residuo de
SeCys en la cadena polipeptidica. En el grupo |, la SeCys esta localizada en la posicién N-
terminal. Selenoproteinas como la glutationa peroxidasa (GPx) y la selenoproteina W
pertenecen a este grupo. En el grupo I, la SeCys se encuentra en el extremo C-terminal de la

secuencia péptidica. La familia de la tioredoxina reductasa (TRx) pertece a este grupo.

El nimero de selenoproteinas varia de manera significativa entre organismos. Mientras que

los organismos acuaticos contienen un ndmero elevado, en el proteoma de los humanos se
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encuentran 25 genes conocidos como selenoproteinas: cinco GPxs, tres TRXs, tres iodotironina
deiodinasa (DIOs), selenoproteian W, selenenoproteina SelP, SPS2, Sep15, SelM, MsrB1, y las
selenoproteinas I, N, O, H, T, Ky S. La mayoria de las selenproteinas en humanos y roedores
son comunes, excepto la GPx6. En humanos esta enzima es considerada una selenoproteina,

pero en roedores no, ya que el residuo de SeCys esta sustituido por la Cys.™

Las selenoproteinas son 1000 veces mas efectivas en catdlisis que las moléculas homdlogas,
que contienen Cys.'' El residuo de SeCys es un nucledfilo mas fuerte y por lo tanto mas
reactivo que la Cys, lo que implica que las selenoproteinas tiene una mayor reactividad frente

e 12 .. e . ..
al sustratos electrdfilos.” Su mayor efectividad en catalisis en una de las principales razones

por las que el Se se encuentra involucrado en tantos mecanismos presentes en la naturaleza.’

Como se ha mencionado anteriormente, docenas de selenoproteinas han sido descubiertas
hasta el momento, sin embargo las funciones bioldgicas de todas ellas no han sido
. 13 / . . .-
elucidadas.”™ Entre las selenoproteinas mas conocidas se encuentran las de las familias
glutatidon peroxidasa (GPx), tiorredoxina reductasa (TR) y yodotiroina deyodinasa (ID). En la
Figura 1 aparecen esquematizadas las funciones esenciales de las selenoproteinas mejor

caracterizadas hasta el momento.

Glutation peroxidasa

Presenta una funcidon antioxidante en las células. Actian como catalizadores en la reduccién de las especies
reactivas de oxigeno (ROS) mediante la oxidacién del glutation reducido (GSH) a glutatién oxidado (GSSG)
GPx1

Es la proteina mas abundante en los mamiferos. Se encuentra en el citosol de todas
, .o . 14
las células y su actividad es regulada en el higado.

GPx2

Proteccion de la toxicidad de hidroperdxidos lipidicos ingeridos y se expresa
principalmente en el tracto gastrointestinal.15

GPx3

, . ., 14 .2
La segunda proteina mdas abundante en el plasma sanguineo.” También se ha
16 . / 17
encontrado en leche materna.™ Se encuentra en el exterior de la célula.

GPx4

Reduce especificamente 4acidos grasos hidroperdxidos que son esterificados a
1‘051‘0Iipidos.18 Otra funciodn atribuida a esta enzima es la reduccién de hidroperdxidos
y ésteres del colesterol en membranas y lipoproteinas de baja densidad.”

Figura 1. Clasificacion de las selenoproteinas y sus funciones bioldgicas.
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Tiorredoxina reductasa

Esta enzima se encuentra en los tejidos de todos los 6rganos, piel y tiroides. Su funcién es la degradacién de
. . . 20 .z .

perdxidos fuera de las membranas celulares, contribuyendo a la homeostasis redox celular.” También esta

. . . . . . . 21

implicada en el crecimiento celular y en la recuperacidn del estrés oxidativo.

Yodotiroina deyodinasa

En general, su funcién bioldgica es endocrina, mediante la regulacién del nivel de la forma activa de la hormona
tiroidea 3,3-5-triyodotironina (T3). 223

ID tipol

La primera selenoproteina en la que se observd la insercién de SeCys mediante el
triplete UGA.* Esta se encuentra fundamentalmente en la glandula tiroidea, aunque
también en tejidos de rifidn e hl'gado.zs’26

ID tipo2

. .z . . - . 22
Tiene como funcién principal la produccién de T3 intracelular™ y se halla en Ia
glandula pituitaria, sistema nervioso central, placenta y tejido adiposo (en humanos y
ratas), como también en la glandula tiroidea y musculo cardiaco de humanos.

ID tipo3

Se localiza en el cerebro, piel y placenta y es la responsable de la degradacion de la
. .. . . . 25
forma activa de la hormona tiroidea, dando lugar a otras especies inactivas.

SelenoproteinaP

Selenoproteina mayoritaria en el plasma sanguineo de los mamiferos. Algunos autores sugieren que esta
, . ar 7 6 .
selenoproteina se encarga del transporte de SeCys a distintos dérganos. ° Otra de las funciones que se le
. P N 13 29
atribuyen es la de antioxidante del sistema vascular™ y de las membranas celulares.

Selenofosfato sintetasa

Identificada en humanos en dos formas: Sply Sp2, pero sélo la segunda es una selenoproteina. Su principal

funcion es catalizar la produccion de selenofostafo, el cual es un dador de Se en las reacciones metabdlicas
. . ., . . 28

necesarias para la biosintesis de selenoproteinas.

Selenoprpteina de 15 kDa

Esta proteina ha sido identificada en una gran variedad de tejidos, principalmente en la préstata y tiroides de

humanos y ratones. Contiene un Unico residuo de SeCys en el centro de la cadena peptidica y su funcién
T . . L. . . . 13

bioldgica aunque desconocida, se relaciona con la proteccion anticancerigena de las células secretoras.

Selenoprpteina de 18 kDa

Se encuentra en la membrana mitocondrial de tejidos como el rifién, higado o cerebro. Su funcién biolégica

aun no ha sido elucidada pero se relaciona con el sistema endocrino dado que en estados carenciales de Se
. . ., . . 29 . .

se sintetiza de forma preferente en los érganos de dicho sistema.” Es preservada en estados deficientes de
30

Se.

Figura 1 (cont.). Clasificacidn de las selenoproteinas y sus funciones bioldgicas.
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Ademds de las selenoproteinas citadas, existe otra selenoproteina en la capsula
mitocondrial de los espermatozoides. En la actualidad se encuentra en discusion si se debe
considerar una variedad de la proteina fosfolipido hidroperoxidasa o una selenoproteina

independiente.?"*

Esta proteina contiene tres residuos de SeCys y ha sido identificada
Unicamente en tejidos de espermatozoides de ratas, aunque estudios realizados en humanos
indican que su funcién estd relacionada con la fertilidad y la reproduccién, ya que se inhibe su
sintesis cuando existe deficiencia de Se en el organismo, originando esterilidad por la

disminucién de la movilidad de los espermatozoides.®

1.2. Implicaciones Bioldgicas de las Especies Quimicas de Selenio

1.2.1. Efecto Protector

Al Se se le atribuye capacidad antiviral, debido a su presencia en la enzima antioxidante,
GPx1. La reduccién en la actividad de esta enzima produce un aumento en el estrés oxidativo,
causando disfunciéon en el sistema inmunoldgico. Algunos experimentos realizados en
animales con deficiencia en Se, mostraron un incremento en la virulencia del tejido
miocérdico, atribuida a la disminucién de la actividad de dicha enzima.** En otro estudio en
ratas, se observo que aquellas alimentadas con una dieta pobre en Se, presentaron problemas
pulmonares tras padecer gripe.*® La deficiencia de Se también se ha relacionado con
enfermedades infecciosas, como el VIH. Estudios in vitro han mostrado que el Se es un
nutriente muy importante y un inhibidor de la replicacion del virus. En pacientes de VIH se ha
correlacionado el estatus de Se con la respuesta inmunoldgica y la aparicién de herpes e
infecciones por Candida, que son dos enfermedades asociadas a la progresion del virus VIH
1.* Baum y col. mostraron que el riesgo de mortalidad en pacientes de esta enfermedad se
incremento con la deficiencia de Se, siendo 20 veces superior que para niveles adecuados de
este elemento.” El Se parece ademas tener un papel en la reproduccién. El bajo contenido de
Se en el plasma sanguineo se ha relacionado con el aborto en mujeres embarazadas de hasta
tres meses.>® El Se es también requerido para la biosintesis de la testosterona y la formacién y
desarrollo de los esperma‘cozoides.39 Un estudio realizado con hombres infértiles, mostrd una
correlacién positiva entre la concentracion de Se en el plasma seminal y la cantidad de
espermatozoides.”’ La suplementacion diaria con 100 pg de Se durante 90 dias, produjo un

aumento de la motilidad de los espermatozoides. Este efecto se relaciond con las funciones
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bioldgicas de la GPx4.** Recientemente, se ha demostrado que la administracién previa de Se
conlleva a resultados satisfactorios en técnicas de reproduccidn asistida. Se ha demostrado
gue el tratamiento con varios agentes antioxidantes, entre los que se encuentra el Se, no sdélo
mejora la calidad del esperma, sino que también ayuda a mantener la integridad del ADN.*
Entre los beneficios del Se para la salud humana también se encuentra su proteccién frente a
enfermedades cardiovasculares. Este efecto se ha atribuido a la capacidad de la GPx de evitar

la oxidacién de lipidos y reducir la agregacién plaquetaria.***

Varios estudios han mostrado una relacidn entre la concentracion de Se y este tipo de
enfermedades, sin embargo no todos los resultados coinciden. Esta disparidad puede
atribuirse a la deficiencia de otros agentes antioxidantes. En estados de deficiencia de Se, el
aporte de este elemento al cerebro es prioritario, demostrando asi su importancia en las
funciones de este érgano. Bajas concentraciones de Se en el plasma sanguineo en ancianos
han sido asociadas con senilidad y declinacién cognitiva. Los niveles de Se en el cerebro de
pacientes de Alzheimer fue 40% inferior a la concentracién encontrada en individuos

Sa nos.31'45

1.2.2 Efecto Anticancerigeno

Entre los efectos beneficiosos atribuidos al Se, su papel en la prevencién del cancer quizas
sea considerado el mas relevante. Debido a esto se ha creido conveniente hacerle mencidn
aparte. Actualmente, existe mucha informacién sobre las propiedades anticancerigenas del Se.
El primer estudio sobre la prevencion de cancer debido a una suplementacidn nutricional con
Se fue desarrollado por Clark y col. en el afio 1996.% En los Gltimos afios han aparecido varios
estudios realizados con animales de experimentacidn en los que se muestra la relacidn entre el
Se y la prevencién del cancer.” En este sentido, se ha sugerido que la deficiencia de este
elemento conduce a propension carcinogénica en una gran variedad de tejidos. Dicha
susceptibilidad puede ser prevenida con la suplementacién de dietas con un contenido de Se
supranutricional. El efecto quimiopreventivo de este elemento (suministrado en dosis
elevadas) se ha mostrado efectivo en la disminucidn de la incidencia de cancer de higado,

pulmon, colon, estémago y pancreas.***

Para verificar la hipdtesis de que el Se disminuye el riesgo de cancer, se han llevado a cabo
varios estudios en humanos. Entre estos trabajos se encuentra el desarrollado con individuos

de una poblacién China, donde el 15% de sus habitantes son propensos a padecer carcinoma
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hepatocelular. Las personas que fueron suplementadas con Se (levaduras selenizadas) no
desarrollaron cancer en los cuatro afios posteriores, a diferencia de varios individuos
pertenecientes al grupo control, a los que se le suministré tabletas placebo.”® Ademads, se
conoce que las personas que tienen concentraciones de Se en sangre inferiores a 0.2 mg/mL
poseen un mayor riesgo de padecer cancer de mama, préstata y colon.® En una poblacién de
457 hombres alimentados con una dieta enriquecida en Se se observé una significativa
disminucién en la incidencia de cancer de prdstata, pulmdn, y colén, en comparacién con

952 A |a hora de llevar a cabo estudios de este

individuos a los que se les suministré placebo.
tipo es primordial evaluar los niveles de Se base de las poblaciones, ya que en algunos casos la

suplementacién con Se puede conllevar a efectos contrarios.*

Aungque la actividad anticarcinogénica del Se ha sido relacionada con ciertos metabolitos,
los mecanismos implicados no han sido completamente establecidos. La absorcion y
distribucidn en los tejidos, asi como la capacidad en la prevencién del cancer, depende de la
dosis y de la forma quimica en que es suministrado.*® Se ha demostrado que la especie
metilselenol y otras especies monometiladas son efectivas en la prevencién del cancer.”””* En
muchos estudios se ha atribuido a la especie SeMeSeCys, facilmente metabolizada a
metilselenol, su efecto protector frente a distintos tipos de cancer. Utilizando este compuesto
en experimentos realizados con ratas, se constatdé una mayor efectividad en la prevencién del
cancer de mama al comparar los resultados obtenidos con el suministro de otros compuestos
de Se més estudiados, como la SeMet.> Otros compuestos sintéticos de Se, no utilizados en la
sintesis de selenoproteinas, también han mostrado efectos anticancerigenos. Entre ellos, se
encuentran compuestos aromaticos como el trifenilselenonio,® y varios alquil y aril
selenocianuros.”” En un estudio reciente, desarrollado por Zhang y col., se ha observado que la
expresion de proteinas oncogénicas y supresoras del cancer de préstata esta directamente
afectada por la especie de Se. Mientras que el Se(IV) y la SeMet modificaron la expresion de
proteinas relacionadas con el desarrollo cancerigeno en ratones portadores, la especie
SeMeSeCys se asocié con la reduccién de los riesgos asociados a este tipo de cancer.”® El
efecto anticancerigeno del Se también puede estar relacionado con su capacidad de mejorar la
respuesta del sistema inmunoldgico. Las selenoproteinas que tienen una funcidn antioxidante
(GPx, TR, ID, etc.) podrian estar implicadas en la prevencidn del cancer. Sin embargo, aln no
esta completamente establecido si la proteccién del Se contra el cancer estad exclusivamente
relacionada con la actividad de las selenoproteinas.*” Existe una discusién sobre si son las

59,60

selenoproteinas, los seleno compuestos de bajo peso molecular, o ambos® los

responsables de la actividad anticarcinogénica. En un estudio reciente se ha demostrado que
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algunas selenoproteinas parecen tener una “doble cara” respecto a la prevencion y la
promocién de cancer. TRXR1 y Sep15 ejercen una funcidn anticancerigena en células normales,
mientras que en células malignas se ha visto el efecto contrario. En estudios in vivo también se
ha demostrado que la deficiencia de algunas selenoproteinas es capaz de inhibir el desarrollo

62,63

de ciertos tipos de cancer. En conclusién, no todas las selenoproteinas responden de la

misma manera a la suplementacion o deficiencia de Se.®*®

Toda la informacién recogida en la bibliografia refleja la complejidad que existe a la hora de

definir al Se como un agente protector contra el cancer.

1.2.3. Toxicidad
Efectos de la Deficiencia de Selenio

La deficiencia de Se disminuye la expresidon de las selenoproteinas y por lo tanto los
procesos bioldgicos en los cuales estan involucradas dando lugar a la aparicién de
enfermedades. En estados carenciales moderados, las selenoproteinas con funciones
bioldgicas de mayor importancia permanecen estables, excepto cuando la deficiencia es
cronica. Mientras tanto, las selenoproteinas de importancia biolégica menos relevante,
disminuyen notablemente su actividad. La ingestion de complementos nutricionales
enriquecidos en Se puede revertir esta situacidn, provocando que las proteinas se recuperen

rapidamente.®®

En estados carenciales, el aporte de Se al cerebro, sistema endocrino y reproductor, se

mantiene en general en niveles adecuados, lo que demuestra la importancia de este elemento
. . s . ~ s 67 ’

en las funciones biolégicas desempenadas por estos drganos.” Por otra parte, el higado, los

musculos esqueléticos y el corazén son menos prioritarios para el Se, y por tanto, los primeros

en presentar lesiones ante niveles carenciales de este elemento.

En regiones donde el contenido de Se es bajo en aguas y suelos pueden aparecer
enfermedades endémicas relacionadas con estados deficientes de este elemento. En 1935 se
identifico por primera vez la enfermedad de Keshan (una cardiopatia endémica) en los
habitantes de la regién rural China a la que debe su nombre, producida por el escaso
contenido de Se en la dieta.®® La suplementacién de Se resulté ser efectiva en la proteccion
frente a esta enfermedad,®® confirmando asi la relacién de este elemento con la aparicién de la

enfermedad. En zonas de China, Liberia y Tibet, también se ha identificado la enfermedad de
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Kashin-Beck, una osteoartropatia deformativa que provoca atrofia, degeneracion y necrdsis de
los cartilagos, y afecta fundamentalmente a las extremidades. La concentracién de Se en orina
y plasma sanguineo de pacientes que sufrian esta enfermedad fue de 12 pg/L y 11 pg/L
respectivamente, frente a 18 pg/L y 60-100 pg/L, encontrados en los mismos fluidos bioldgicos
de individuos de zonas colindantes donde no existe deficiencia de este elemento. El cretinismo
mixedematoso se ha desarrollado en zonas donde la deficiencia de yodo y selenio es
simultanea. Afecta el desarrollo neuroldgico, crecimiento esquelético, hipotiroidismo y atrofia

de la tiroides.”

Para prevenir estos estados carenciales se han llevado a cabo diversas iniciativas como el

incrementar el nivel de Se en la dieta.”*"*

El estudio de la dosis aplicada es importante desde el
punto de vista de la salud humana, ya que el intervalo de concentracién de Se para que sea
considerado deficiente, esencial o toxico es muy estrecho. En el siguiente apartado se citan
varios casos de toxicidad a lo largo de la historia y las enfermedades mdas importantes

originadas por una elevada ingesta de Se.

Efectos de los Elevados Niveles de Selenio: Selenosis

Las primeras evidencias de la toxicidad inducida por Se (selenosis) se observaron en
animales que pastaban en zonas seleniferas, donde el contenido de Se en el forraje era
elevado. En 1930 se identificaron las enfermedades conocidas como “enfermedad alcalina” y
“vértigo ciego” en caballos y ganado que pastaban en el Sur de Dakota.®® Los sintomas de esta
enfermedad fueron: ceguera, pérdida de peso, desorientacion y afecciones respiratorias, y se
producen por la ingestién de plantas con un elevado contenido de Se.”” También se han
observado casos de toxicidad por Se en pescados y aves acuaticas, principalmente en lagos de
Carolina del Norte, Colorado y Texas, en la década de 1980. Los sintomas de toxicidad incluian
una notable disminucidn de la reproduccién, trastornos patoldgicos e incluso la extincidn de

73,74 .. 7
> Los casos de toxicidad por Se en humanos son escasos’” y los problemas

algunas especies.
asociados a la toxicidad del Se son en general, mucho menores que los relacionados con su
deficiencia. La exposicién ocupacional es la principal via de intoxicacién con Se. La mayor
poblacién de riesgo la constituyen los trabajadores de las industrias de Se y fundiciones de
cobre, donde se han detectado casos de envenenamiento por inhalacién de especies volatiles
como Se0,, SeOCl, y SeH,.”® La intoxicacién crénica en humanos se produce por la elevada

ingestién de Se. El consumo de productos locales en ciertas zonas de China (Hubei), con un

contenido extremadamente alto en suelos (8 mg/kg) y aguas (0.05 mg/L), provocé un episodio
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de intoxicacion en sus habitantes.”” Ademas de pérdidas de ufias y pelo, otros de los sintomas
fueron polineuritis y afecciones gastricas. La anorexia, dolor abdominal, diarrea, fatiga,
irritabilidad, depresién, caries dental y edema pulmonar, son otros de los sintomas de

selenosis.”®

1.3. Distribucion del Selenio en el Medio Ambiente

La presencia de Se en el medio ambiente se debe a procesos naturales y antropogénicos. La
movilidad, acumulacion y transformaciones de Se en el ecosistema dependen de diversos

factores, como la temperatura, el pH, las condiciones redox y la actividad microbiana.

El Se en la atmdsfera se encuentra fundamentalmente en forma de particulas en
suspension que forman un fino aerosol, aunque también puede presentarse en estado
gaseoso. Los niveles de Se en el aire oscilan entre 0.01 y 3 ng/m?, localizandose los valores mas

elevados cerca de zonas industriales.”

Entre las fuentes de Se antropogénicas se encuentran: la mineria y la incineracion de caucho,
residuos y papel. El SeO, y el Se elemental son las especies mayoritarias emitidas en estos
procesos.’’ La erosion de rocas y suelos; y principalmente las emisiones volcénicas, son las
fuentes mas importantes de emisién natural de Se a la atmésfera. La actividad microbiana, de
algas y plantas superiores contribuye a la liberacién de este elemento en formas
biometiladas.?! Los compuestos volatiles de Se encontrados son: DMSe, DMDSe, SeO, y H,Se,

el cual es inestable en la atmdsfera y se oxida rdpidamente.

El Se en los suelos procede generalmente del agua de escorrentia procedente de cultivos
agricolas en suelos seleniferos y de las aguas residuales de refinerias de petrdleo o plantas
generadoras de electricidad. En general, el que procede de los procesos agricolas se encuentra
como Se(Vl), y el que se encuentra en las aguas residuales de la industria del petréleo como
Se(IV).2 En suelos y sedimentos la concentracién de Se es muy variable. Asi, en ciertas
regiones de Irlanda la concentracién de Se alcanza los 1250 mg/kg, aunque en la mayoria de
los suelos el contenido oscila entre 0.01 y 2 mg/kg.®® La distribucion de especies en el suelo
depende entre otros factores, de la acidez, el contenido de materia organica y la aireacion. En
suelos acidos la especie predominante es el Se(lV), mientras que el Se(VI) es mayoritario en

suelos basicos.®
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El Se en los sistemas acuaticos proviene principalmente de las actividades agricolas, las
aguas albafales, las cenizas de la combustion de carbédn de plantas generadoras de energia,
refinerias de petréleo y de la mineria de fosfatos y otros metales.?* Aunque pueden ser
encontradas especies metiladas debido a la actividad microbioldgica, las especies
predominantes en aguas son el Se(VI) y el Se(IV). En aguas superficiales y subterraneas, el
contenido de Se es variable (0.06-400 pg/L) y depende de factores geoldgicos, encontrandose
los valores mas elevados cerca de suelos seleniferos. Las concentraciones en agua de mar son
mas bajas (0.004 ug/Ly 0.06 pg/L, en la superficie y en las profundidades, respectivamente).®®
La concentracion maxima de Se permitida en aguas de consumo por la EPA (Agencia de

Proteccién Ambiental de los Estados Unidos) es 50 pg/L.%

1.3.1. Bioacumulacién y Biotransformacidn de Selenio en Plantas

Las plantas pueden incorporar Se a partir del suelo, el agua y la atmdsfera, asi como
transformarlo y metabolizarlo.®” Segun su comportamiento respecto a la acumulacién de Se,

como a otros metales, las plantas pueden ser clasificadas como:

=  Acumuladoras: aquellas que activamente concentran metales en sus tejidos.

= Indicadoras: plantas que reflejan la concentracién del metal en el suelo o aquellas
cuya presencia se asocia a un determinado metal.

= No acumuladoras: plantas que presentan una acumulacion restringida o una limitada

translocacion del metal en un amplio intervalo de concentraciones del suelo.

Las plantas absorben Se del suelo principalmente en forma de Se(VI), empleando las
mismas vias de incorporacidon del sulfato, a través de la proteina de transporte sulfato
permeasa, localizada en la membrana celular de la raiz. La acumulacidn de Se(VI) se realiza de
forma activa, en contra del gradiente del potencial electroquimico de la membrana celular. Por
el contrario, la asimilacion de Se(lV) es de forma pasiva y en la mayoria de los casos ocurre en
menor extension.®® La capacidad de tolerar, acumular y transformar el Se, como sucede para el
resto de los elementos, depende entre otros factores de la especie vegetal. Las especies de las
familias Asteraceae, Brassicaceae y Legumisoseae, entre otras, se caracterizan por la
hiperacumulacién de Se en sus tejidos, alcanzando concentraciones de hasta 10000 mg/kg.*
Ademas, factores como el tipo de suelo, el pH y las condiciones climaticas influyen en la
capacidad de acumulacién.” En las plantas se han identificado diversos compuestos orgéanicos

de Se, entre los que destacan SeMet, SeCys,, y-Glutamilselenometilselenocisteina (GMetSeCys)
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9195 Asi mismo existen plantas capaces de sintetizar compuestos de Se volatiles,

y SeMeSeCys.
dimetilseleniuro (DMS), dimetildiseleniuro (DMDSe) y dietilseleniuro (DESe), como una via de

detoxificacion.”

El mecanismo de biotransformacion de Se en plantas es similar al propuesto en el ciclo del
sulfuro.®” Cuando el Se inorganico es suministrado a las plantas, la mayoria es absorbido por
las raices y directamente transportado a las partes aéreas, donde es convertido a formas
organicas mediante la accidn de las enzimas presentes en los cloroplastos. La transformacion
de Se a SeCys es el primer paso en la formacidon de compuestos orgdnicos de Se. La SeCys es
rapidamente convertida a otros compuestos de Se, como el andlogo de Se de la glutationa,
selenometionina, Se-cistationina, Se-homocisteina..., estos son sélo algunos de los compuestos

que aparecen en la Figura 2.
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Figura 2. Diagrama esquematico del ciclo de Se en plantas la linea discontinua sugiere una via alternativa. Adaptado
de 87

En plantas que presentan una elevada tolerancia ycapacidad para acumular Se, se han
identificado especies no proteicas como la SeMeSeCys, resultado de la metilacién de la SeCys

97,98

por la selenocisteina metiltransferasa, evitando asi su incorporacion en proteinas. Esta

especie puede metilarse y originar la especie volatil dimetildiselenio.”

La biotransformacién puede originar una disminucion de la toxicidad de los metales por su
implicacion en procesos quimicos de reduccién y/o su incorporacidon a compuestos organicos.
Estos procesos son muy importantes en plantas tolerantes a elevadas concentraciones de Se
ya que lo transforman en compuestos volatiles que se eliminan a través de las hojas.” El
conocimiento de los mecanismos implicados no sélo tiene importancia desde el punto de vista

del empleo de plantas en fitorremediacidn, sino desde el punto de vista nutricional.
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Efecto Protector del Selenio en Plantas

A pesar de que el Se no es reconocido como un elemento esencial para las plantas, varios
estudios demuestran su capacidad antioxidante. Esta propiedad se encuentra asociada
principalmente a la inhibicién de la peroxidacién de lipidos y al aumento de la actividad
enzimatica de la glutation peroxidasa,’®'® aunque los mecanismos ain no han sido
elucidados. El efecto beneficioso del Se en plantas, depende entre otros factores, de la forma
quimica y la concentracién en que se adiciona bien sea al suelo o al cultivo hidropdnico, siendo
mas efectivo cuando se adiciona en forma de Se(IV) y a bajas concentraciones.'® El Se ha

103,104

mostrado efectos beneficiosos en la recuperacién del estrés foto-oxidativo. La adicion de

Se a cultivos vegetales ha sido relacionada con un incremento en los niveles de vitaminas

103,105
,

antioxidantes como 4acido ascérbico, B-caroteno y a-tocofero el cual es un reconocido

antioxidante que participa en la prevencién de la peroxidacién de lipidos en los

cloroplastos. %%’

Del mismo modo, el Se contenido en proteinas purificadas de los extractos
proteicos de muestras de arroz también mostré efectos antioxidantes.'® Ademds, la adicién de
Se a diferentes cultivos ha sido correlacionada con un mayor rendimiento del crecimiento de
las plantas. En cultivos de patatas, se observd un aumento de la acumulacién de almidén y
azlcares en las plantas, aumentando asf la masa de los tubérculos.’®™" La adicién de Se(IV) en
una concentracion de 50 mg/L a cultivos de soja, mejord los rendimientos en la cosecha

Y12 E| aumento de la concentracién de

mediante la prevencién de la degradacion de la clorofila.
clorofila en estas plantas tratadas con Se en la zona foliar, ha sido atribuido a la eficiencia de
las enzimas superoxidismutasa y glutation peroxidasa en la eliminacion de las especies
reactivas de oxigeno. El incremento en la actividad de dichas enzimas antioxidantes ha sido

correlacionado positivamente con la concentracién de Se.'

Las ventajas del enriquecimiento de vegetales con Se no se limitan a los beneficios de este
elemento en el metabolismo de la plantas, sino que también eleva el valor nutricional y la
calidad de las mismas. La adicién foliar de Se al té verde, mediante pulverizacion directa,
mejord la calidad durante el proceso de conservacion. Ademdas produjo un aumento en la
concentracién de este elemento y de la vitamina C, incrementando asi su valor nutricional.
Aunque el mecanismo mediante el cual el Se produce un aumento en la estabilidad de la
vitamina C es desconocido, se propone que puede ser debido a su participacién en la
biosintesis de esta vitamina y al incremento de la actividad antioxidante. Las caracteristicas
sensoriales del té enriquecido con Se se favorecieron, lo que se tradujo en mejoras en el sabor,

. .y . - 11
el aroma vy el color verde de la infusion (por el aumento del contenido de clorofila).'** Del

41



Introduccion. Selenio: Elemento Esencial

mismo modo, el tratamiento con Se consiguié aumentar el valor nutricional de garbanzos ya

que ademas de la sintesis de SeMet, se produjo una aumento de isoflavonas.™*

Numerosos estudios han demostrado la capacidad del Se de reducir los efectos tdxicos de
elementos como mercurio * y cadmio® en animales. Sin embargo, poco se conoce sobre este
efecto antagonista en plantas. Los escasos estudios realizados en muestras vegetales, revelan

> Thangavel y col.

el efecto protector del Se frente a la toxicidad de ciertos metales.
estudiaron el efecto antagonista del Se frente al mercurio en la planta medicinal Portulaca
olearacea. La adicién de bajas concentraciones de Se al cultivo de esta planta expuesta a
cadmio, condujo a una restauracion potencial de las hojas afectadas.''® Paralelamente, se ha
comprobado el efecto antagonista del Se en hongos Pleurotus ostreatus frente al estrés
oxidativo inducido por plata y cadmio, mostrando una mayor efectividad en la disminucién de

la toxicidad, cuando se suministra como Se(IV).*"

1.3.2. Bioacumulacién y Biotransformacién de Selenio en Pescados

El Se es un elemento esencial en pescados'®'*® dado que, como se ha comentado
anteriormente, es uno de los componentes de enzimas antioxidantes como la GPx. Sin
embargo, las especies inorganicas pueden llegar a producir efectos toxicos en los organismos
acudticos, ya que posee una mayor movilidad y biodisponibilidad en comparaciéon con el
Se(IV)."® Este elemento puede ser incorporado en los peces a través del agua, mediante
ingestion de la misma o a través de la epidermis. Se estima que a partir de una concentracién
en el agua de 3 a 5 pug Se/L comienza a producirse la acumulacién. Sin embargo, la principal via
de incorporacion de Se es la cadena tréfica, mediante la alimentacién de otras especies
marinas (zooplancton, fitoplancton y peces mas pequefios) que a su vez acumulan el Se
proveniente del agua y los sedimentos.'*! Cabafiero y col. determinaron el contenido de Se en
diferentes pescados (atun, pez espada y sardina), encontrandose entre 1.13+0.04 ug Se/g vy
1.58+0.02 pg Se/g.'” En niboshi, un procesado derivado de la anchoa Japonesa (Engraulis

japonicus) también se han cuantificado concentraciones similares.'”®

Sin embargo, es
interesante comentar que recientemente se han encontrado concentraciones de Se mucho
maés elevadas (6.280 ug Se/g) en especies como Misgurnus anguillicaudatus.*** El maximo
contenido de Se en peces establecido por la EPA como no tdxico (efectos teratogenéticos,
efecto sobre la reproduccidn, etc) para el animal es de 7.9 mg Se/kg (peso fresco).’> Sin
embargo, algunos autores, dependiendo de la especie marina en particular y de otros factores,

126,127

recomiendan limites diferentes. A inicios de la década de los 80 se realizaron estudios en
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peces que habitaban en sistemas acuaticos con un elevado contenido de Se proveniente
fundamentalmente de la mineria. Estos estudios demostraron el efecto téxico de este
elemento cuando se encuentra presente en concentraciones elevadas, siendo el higado y el
rifdn los drganos que presentaron una mayor acumulacién. La masiva desaparicién de peces
en sistemas acuaticos como el lago Belews (Carolina del Norte, EEUU) y el lago Martin (Texas,
EEUU), asi como la disminucién de la reproduccion de las especies del lago Sweitzer (Colorado,
EEUU) por la presencia de altos contenidos de Se, son algunos de los ejemplos mas

estudiados.”*”*

Aungue se desconocen los mecanismos mediante los cuales el Se causa toxicidad en los peces,

se asume que es debido a la incorporacién inespecifica del Se en las proteinas.”

Por otra parte sus efectos beneficiosos han sido demostrados en varias especies acuaticas.
Estudios recientes realizados en carpas de la especie Carassius auratus gibelio, alimentadas
con Se inorgdnico (Se(lV)) y orgdnico (SeMet), mostraron el efecto beneficioso del Se en el
crecimiento de los peces, y un incremento de la actividad de la enzima glutatidon peroxidasa y

128129 A diferencia de la amplia bibliografia

de la cantidad de Se acumulada en el musculo.
existente sobre la acumulacién de Se y sus especies en plantas, la informacién en pescados es
bastante limitada. Los estudios enfocados a la biotransformacion de Se en tejidos y musculos
de pescados muestran que la SeMet es una de las principales especies identificadas.'****%***
Otras especies organicas como SeCys, y TMSe" también han sido identificadas en pescados y

132

mariscos.””~ Ademas de SeMet, Gong y col. detectaron SeCys, en el musculo de Misgurnus

124

anguillicaudatus.”” Moreno y col. también encontraron que SeMet era la especie principal en

truchas, aunque también se detectd TMSe' y varias especies de Se que no pudieron

132 Recientemente, Yamashita y col. han descubierto un nuevo compuesto de Se

identificarse.
presente en diferentes tejidos y sangre de atun. Este compuesto, derivado de la ergotioneina
(compuesto ciclico con un grupo tiol), se ha denominado selenoneina y se caracteriza por su

elevada actividad antioxidante.'*?

Aunque los niveles de Se en algunos pescados son elevados, en muchos casos la
biodisponibilidad de este elemento depende por un lado de la forma quimica en la que se
encuentra, y por otro lado esta limitada debido a la interacciéon con otros metales.”* Un
aumento de los niveles de actividad de la enzima GPx indicé que la biodisponibilidad de la
SeMet fue mayor que la del Se(IV) en muestras de salmén enriquecidas.**® El mercurio es uno

de los metales mds abundantes en pescados, y su presencia es capaz de reducir la
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biodisponibilidad del Se.**® La biodisponibilidad de la SeMet y el MeHg fue diferente en

muestras de sardina, atin y pez espada debido al efecto antagonista ejercido por el Se.**’

1.4. Desarrollo de Alimentos Funcionales

El andlisis de los datos disponibles permite estimar que cientos de millones de personas en
todo el mundo no consumen el aporte de Se suficiente a través de la dieta. La necesidad de
alcanzar los valores necesarios de Se en la dieta ha impulsado el desarrollo de alimentos
funcionales enriquecidos con este elemento. Sin embargo, se debe ser muy cauteloso con la
forma de suplementacidn utilizada, asi como con la dosis que se ingiere y el tiempo de
administracién. El intervalo de concentraciones de Se para que sea considerado deficiente,
esencial o téxico, es muy estrecho. Se estima que la ingestion de alimentos con
concentraciones inferiores a 0.1 mg Se/kg puede dar lugar a estados carenciales y por encima
de 1 mg Se/kg causar toxicidad.?® La principal forma de incorporacién de Se en los seres
humanos es a través de la dieta,”*®y se ha estimado que la cantidad diaria recomendada de Se
(Recomended Dietary Allowance, RDA) depende de la region, del pais, de la edad y el sexo. En

la actualidad el valor recomendado es 55 pg para adultos de ambos sexos.**’

La cantidad de Se ingerida a través de la alimentacidon esta estrechamente relacionada con la
concentracién en el suelo de la region. Dumont y col. compilaron informacién del contenido de
Se en suelo y los valores de ingesta diaria, asi como la concentracidn en orina, suero y leche
materna en varios paises. Los resultados de esta comparacion confirman que los niveles de Se
en el organismo son altamente dependientes de su contenido en el suelo.”” Por lo tanto, la
suplementacion con Se de una poblacidn, necesaria cuando existe un déficit de este nutriente
en la dieta, es posible directamente, a través del enriquecimiento de algunos alimentos

(alimentos funcionales), o indirectamente, por medio de la fertilizacién previa de los suelos.'*

Un alimento funcional puede ser definido como aquel, que ademas de satisfacer las
necesidades basicas de nutrientes y manteniendo sus caracteristicas organolépticas,
proporciona beneficios para la salud o disminuye el riesgo de contraer determinadas
enfermedades. El disefio de alimentos funcionales implica la incorporacién de ingredientes,
eliminacion de constituyentes no deseados o el incremento de la concentracion de un
determinado componente (micronutrientes). El objetivo de estos alimentos es prevenir y no
curar, ya que no son farmacos. El desarrollo de los mismos es una de las areas de mayor

crecimiento cientifico dentro del campo de la tecnologia alimentaria y biotecnologia como
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refleja el hecho que, desde el afio 1970 hasta el 2013 se han publicado mas de 5600 articulos

relacionados con esta tematica, el 80% de ellos publicados en los ultimos 10 afios.

1 En el

Actualmente existe un gran interés por desarrollar alimentos funcionales en Se.
mercado farmacéutico se encuentran dos tipos diferentes de suplementos que contienen Se:
complejos vitaminicos que contienen un cierto nimero de vitaminas y minerales, en los cuales
el Se es incluido generalmente en forma de seleniato de sodio, y los preparados a partir de
levaduras (levaduras selenizadas). Estos ultimos en su mayoria son elaborados a base de
levadura Saccharomyce cerevisiae, la cual, dependiendo de las condiciones de cultivo puede

acumular elevadas cantidades de Se (3000 mg/kg) y biotransformarlo a SeMet. %

El uso de la llevadura selenizada no se restringe a la preparacion de suplementos
farmacéuticos sino que también ha sido empleada en la elaboraciéon de pan. En la regién del
Norte de Ucrania, una de las estrategias para incrementar la ingesta de Se en sus habitantes,
fue elaborar el pan con levadura enriquecida. El contenido de Se en el pan, fundamentalmente

como SeMet, correspondid a un 25% de la cantidad diaria. *°

Una dieta deficiente en Se en los humanos es normalmente debida a una ingestidén de
vegetales destinados al consumo humano con una concentracidon imperceptible de Se, debido

a su baja biodisponibilidad en la mayoria de los suelos agricolas,***’

especialmente en
distintas zonas de mundo como son: China, UK, Este de Europa, Africay Australia.*® Dada esta
baja biodisponibilidad y debido al papel de los vegetales como principal fuente de este
elemento en la dieta, estdn apareciendo muchos trabajos enfocados a incrementar el
contenido de Se en las plantas destinadas al consumo humano y animal a través de los

denominados programas de biofortificacion.**>**°

1.4.1. Procesos de Enriquecimiento con Selenio: Biofortificacion

La biofortificacion ha sido definida como el proceso de incrementar la concentracion

biodisponible de elementos esenciales en la parte comestible de las plantas cultivadas

mediante intervencién agrondmica o seleccién genética.’’

Posteriormente, Campos-Bowers y
Wittenmyerr, definieron la biofortificacion como una técnica relativamente nueva que implica
la mejora de las principales variedades de plantas cosechadas con el fin de incrementar los
niveles de nutrientes especificos en los tejidos vegetales requeridos para el consumo humano

152

o animal (Figura 3).”" Sin embargo esta técnica es compleja ya que para que sea eficaz hay que
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considerar factores como: la seleccion de variedades, reduccion de antinutrientes e

incremento de sustancias que promuevan la absorcion de nutrientes.

Medio de Cultivo
/ (suelo e hidroponico)

FERTILIZACION

~ Aplicacion foliar / ‘l'

—

Figura 3. Ciclo de nutrientes en el proceso de biofortificacion

El gobierno de Finlandia, en el afio de 1984, llevd a cabo un programa nacional para
adicionar Se(lV) sddico a las tierras de cultivo con el objetivo de paliar las carencias de Se en
alimentos. En este pais, la concentracion en el suelo no es especialmente baja pero dadas las
caracteristicas del suelo, la biodisponibilidad de este elemento es muy reducida. El uso de
fertilizantes agricolas enriquecidos en Se evité enfermedades en animales domeésticos y
produjo un incremento de un 50% en la concentracién de Se total en sangre de los
filandeses.®® En China, la suplementacién con Se(lV) sédico también fue utilizada para

controlar las enfermedades de «Keshan» y «Kashin-Beck».'>*

Para llevar a cabo con éxito un programa de biofortificacion hay que superar una serie de
barreras que pueden disminuir la eficacia del proceso. En primer lugar, la dificultad mas
importante es conocer con exactitud la concentracion del micronutriente necesaria en la
rizosfera, ya que un incremento en la biodisponibilidad de dicho elemento en la rizosfera
aumentara la absorcién del mismo por las plantas. Por otro lado, también hay que considerar
que la absorcién del elemento puede incrementarse mediante la estimulacién de ciertos
procesos en las células radiculares que pueden aumentar la solubilidad y movimiento del
nutriente, lo cual se puede conseguir mediante la estimulacién de eflujos radiculares, como H’,
aplicacion de sustancias quelatantes y una mayor superficie radicular. En segundo lugar, las
células radiculares de las plantas deben poseer en la membrana plasmatica mecanismos de
absorcién que deben ser suficientes y especificos para permitir la acumulacién del elemento

una vez que entre en el apoplasto de las células radiculares desde la rizosfera. Y por ultimo, y
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en tercer lugar, los micronutrientes deben ser eficientemente transportados hacia las partes

comestibles de las plantas y alli acumulados sin provocar los efectos téxicos."*

15 En el

La biofortificacidon ha resultado eficiente para elementos traza como el Fe, Zn e |.
caso del Se, las dos formas mas utilizadas son el seleniato y el selenito sddico ya que las
plantas las absorben con mayor facilidad en comparacién con otras especies organicas muchos
menos disponibles (SeMet y SeCys). Se ha demostrado que el empleo de selenito es mas eficaz
en procesos de biofortificacién ya que su biotransformacién a compuestos orgdnicos en las

plantas suele ser mayor. En este sentido, han aparecido estudios de biofortificacion de Se en

cultivos de arroz,**® en diferentes variedades de trigo,™® y rabano."™’

La biofortificacién de plantas con cualquier nutriente es un estudio complejo que requiere
una exhaustiva investigacion previa antes de ser llevado a la prdctica. Sin embargo, la
importancia que actualmente tiene la nutricidn humana y las posibilidades que abre la
biofortificacién en la mejora de la calidad de vida en la poblacién mundial, ha hecho que esta
mejora agricola esté siendo impulsada por distintos organismos mundiales como la
Organizacion Mundial de la Salud (OMS) y el Grupo Consultivo Internacional sobre

Investigacion Agricola (CGIAR).

Otra Forma de Biofortificacidon de Cultivos: Empleo de Plantas Transgénicas.

Las plantas transgénicas contienen uno o mas genes que han sido insertados de forma
artificial en lugar de que la planta los adquiera mediante la polinizacion. La secuencia génica
insertada (llamada transgen) puede provenir de otra planta no emparentada o de una especie
completamente diferente: por ejemplo, el maiz Bt, que produce su propio insecticida, contiene
un gen de una bacteria. Las plantas que tienen transgenes a menudo son llamadas
genéticamente modificadas o cultivos GM (genetically modified). La Transgénica, es decir la
técnica de transferir genes, es una herramienta suplementaria para la mejora de especies
vegetales cultivadas. Las plantas genéticamente modificadas presentan beneficios, como la
tolerancia a los herbicidas poco téxicos y facilmente biodegradables, y tienen un valor nutritivo

afiadido.™®

La biofortificacién con Se inorgénico ha sido aplicada con éxito a cultivos de tomate
modificados transgénicamente. Dependiendo de la linea transgénica utilizada y del
tratamiento de biofortificacion, se identific6 hasta un 16% del Se total en forma de
SeMeSeCys. Ademads, se observd que la estabilidad de esta especie no se alter6 como

consecuencia del procesado requerido para la preparacién de zumo de tomate.™
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I.5. Metodologias Analiticas para la Determinacidon de Selenio y sus Especies en
Muestras Bioldgicas

A pesar de que la determinacién del contenido total de un elemento es importante, este
dato por si solo no ofrece la suficiente informacién sobre su funcidn bioldgica, efectos
beneficiosos, toxicidad o comportamiento en el medio ambiente. Por lo tanto es necesario
conocer la forma quimica en la que se encuentra el elemento de interés. Las diferentes formas
guimicas o compuestos de un elemento se llaman especies, y la distribucion de especies de un
elemento esta definida por la IUPAC (Unidn Internacional de Quimica Pura y Aplicada) como
especiacién.160 Cuando una especie entra en el organismo, puede experimentar numerosas
transformaciones quimicas, las cuales alteran sus propiedades. La determinacién de las
especies en la ruta metabdlica y diferentes tejidos permite comprender mejor los mecanismos
de absorcion celular, transporte, almacenamiento y excrecidon. Ademas, la especiacién ofrece

informacién sobre las vias de detoxificacién y/o acumulacién de los elementos.'®*

En los préximos apartados se exponen las metodologias y técnicas analiticas comunmente
utilizadas tanto para la determinacion de la concentracion de Se, como para la identificacién y

cuantificacion de sus especies en muestras bioldgicas.

1.5.1. Procedimientos de Tratamiento de Muestras

El tratamiento de muestra es frecuentemente la etapa mas larga, laboriosa y critica para la
deteccidon y cuantificacidon de elementos metdlicos a nivel de trazas. Estos procesos deben ser
reproducibles y eficaces, lo que requiere evitar errores por pérdidas de muestra, y
contaminaciones procedentes de los reactivos y materiales empleados. Las matrices en las que
se han de determinar estos analitos pueden tener caracteristicas muy diferentes, por lo que en
un primer lugar es necesario establecer los modos de muestreo y conservacién mas adecuados

para posteriormente aplicar la metodologia analitica requerida.

Existen distintos factores que pueden ocasionar pérdidas, contaminacion o transformacion
de las especies durante los procesos de toma y almacenamiento de las muestras. Durante el
almacenamiento de la muestra se pueden alterar la concentracién y la forma original del
analito como consecuencia de interacciones quimicas entre especies o con el material del
recipiente, la accién microbiana, la temperatura, el pH, la luz,...,** por lo que en muchos casos
lo mas probable es que sea necesario afiadir agentes conservantes para prevenir la
degradacion de las especies antes del analisis. La Figura 4 ilustra las diferentes etapas llevadas

a cabo en un estudio de especiacidn

48



Introduccion. Selenio: Elemento Esencial

Muestreo y Almacenamiento

(recipiente, condiciones experimentales...) (temperatura, luz, pH, liofilizacidn...)

1
1
1
1
V
Tratamiento analitico de la Muestra

a) DIGESTION b) EXTRACCION
(mineralizacién por via himeda) (energia de ultrasonidos)
i i
] 1
: :
v v

* EXTRACCION

(HG-AAS, HG-AFS, ICP-OES, ICP-MS) (energia de ultrasonidos, incubaciones a
temperatura controlada)

Deteccion Elemental

f Abinticn:

| Objetivo: ) ! [ HIDROLISIS BASICAS, ACIDAS, ENZIMATICAS ]
| DETERMINACION I

| de laCONCENTRACION de ANALITO! ~ *ProBLEWAS:

S Estabilidad de especies (alteracidn e interconversion)

Materiales de referencia certificadosy patrones comerciales
Técnicas de analisis de elevada sensibilidad

v
Técnicade Separacion + Deteccion Elemental
-CROMATOGRAFICAS-
LC ICP-MS, ICP-OES, HG- AFS, HG-AAS

(intercambio i6nico, par
idnico, fase inversa, excluion
molecular quiral , afinidad)

GC ICP-MS, AFS, FPD, FID, AED
(enelcaso de especiesno
volatiles esnecesario etapa de
derivatizacién previa)

-NO CROMATOGRAFICAS-
CE ICP-MS
Objetivo:
IDENTIFICACION y CUANTIFICACION de ESPECIES

Figura 4. Esquema de trabajo propuesto a la hora de llevar a cabo andlisis de especiacion de Se en muestras
bioldgicas

Determinacion del Contenido de Selenio

Para llevar a cabo la determinacion del contenido total de un elemento traza en muestras
bioldgicas se requiere, por lo general, la destruccidn de la materia organica. Generalmente, el
analisis de muestras bioldgicas y de tipo medioambiental se lleva a cabo mediante procesos de
digestion por via humeda. En este tipo de mineralizacién es frecuente la adicidn de uno o mas

reactivos, generalmente &acidos, con propiedades complementarias (acido-base, redox y/o
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complejantes). La digestidén se puede llevar a cabo en placa calefactora o en horno (200-
3009C), bien en recipientes cerrados o abiertos. En los recipientes cerrados se alcanzan no sdlo
altas temperaturas sino también elevadas presiones que contribuyen a la destruccidon de la
materia organica. La digestidén en recipientes abiertos sélo es adecuada cuando el analito a
determinar no forma especies volatiles.Por ello, para la determinacidon de compuestos volatiles
de Se se recomienda realizar la mineralizacidon por via humeda en recipientes cerrados. En los
ultimos afios, se ha extendido el empleo de hornos microondas por las mejoras que suponen
en cuanto a la reduccion del tiempo de mineralizacidn, la cantidad de reactivos, eficacia y
reproducibilidad. La digestion puede llevarse a cabo con HNO;, ' HNO,/H,0,,**

HNOs/H,S0,/H,0, o con mezclas de HNO; con otros acidos.™®

Aparte de la energia asistida por los hornos microondas, la energia de ultrasonidos se ha
empleado con bastante frecuencia para las digestiones. Los dispositivos mas utilizados son el
bafio y la sonda de ultrasonidos focalizada (se introduce directamente en el vial que contiene
la solucion de la muestra). Con esta ultima se alcanzan altas temperaturas, por lo que a veces
es necesaria la aplicacion de pulsos para evitar un elevado calentamiento de la muestra. Uno
de los problemas que presenta es la emisién de armdnicos audibles que resultan muy molestos
y el empleo de reactivos quimicos que pueden atacar la punta de la sonda. El bafio de
ultrasonidos consta de un recipiente de acero lleno de agua en el cual la distribucion de la
energia acustica es indirecta y de forma no homogénea. Con la sonda de ultrasonidos se
obtienen potencias incluso 100 veces superiores a las del bafio, lo que supone una reduccion

drastica del tiempo de tratamiento de muestra.'®

Extraccion de Especies de Selenio

La tarea de identificar y cuantificar en una muestra las diferentes formas quimicas en que
se encuentra un determinado analito es extremadamente compleja, y en la actualidad

constituye una de las problematicas mas comunes en investigacién.

El Se en las muestras bioldgicas se encuentra frecuentemente como selenoamino acidos, que
pueden estar o no incorporados a proteinas. Cuando el objetivo del andlisis es la identificacién
de estas proteinas, se debe mantener su integridad durante el tratamiento de muestra. Los
tratamientos mas comunes para la extraccion de proteinas suelen consistir en: extraccidon en
agua,” mezcla de metanol y acido clorhidrico™ o en una disolucién reguladora.” La protedlisis
constituye uno de los principales problemas en la extraccion de proteinas de la célula, por

producirse la liberacién de proteasas que normalmente estdn separadas en diferentes
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compartimentos, produciendo la acidificacién del medio. De esta manera, las proteinas se
pueden desnaturalizar y exponer a ataques proteoliticos. Con el objetivo de prevenir este
efecto, se recomienda la extraccion de proteinas a temperaturas bajas (40 2C), en las que la
actividad de las proteasas es menor, mantener el pH entre 6 y 8, y afladir un céctel inhibidor

de proteasas a la disolucion reguladora.”**

Ciertas especies de Se como selenocisteina,
selenometionina y selenometilselenocisteina son susceptibles a la oxidacién. Debido a que el
grupo selenol tiene un potencial de oxidaciéon considerablemente menor que su analogo de
azufre,” para prevenir la oxidacion de la selenocisteina se realiza la alquilacién con
iodoacteamida, que es un procedimiento habitual en los tratamientos de muestra de proteinas
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ricas en cisteina. Otra alternativa para prevenir la oxidacién tanto de los residuos de

selenocisteina (por la formacidn de enlaces Se-Se y Se-S), asi como de selenometionina, es la

adicién de agentes reductores como ditioteritol (DTT) y B- mercaptoetanol.****”°

Entre los tratamientos de muestra mds utilizados para la extraccidon de selenoamino acidos
se encuentran las hidrélisis acidas o basicas, y principalmente las hidrélisis enzimaticas,
basada en la ruptura de los enlaces peptidicos utilizando enzimas. Esta ultima es una de las
mas desarrolladas debido a que en las dos primeras la degradacion de las especies ocurre con

facilidad.

El tratamiento enzimdtico se realiza en condiciones de temperatura y pH moderados,

evitando asf la alteracién o degradacién de especies.'”

Las proteasas, enzimas no especificas,
son las mas utilizadas en este tipo de tratamiento de muestra, entre ellas la Proteinasa K,
Pepsina, Subtilisina, y la Pronasa E (Proteasa tipo XIV aislada de Streptomycus griseus), siendo
esta ultima la mads utilizada. Sin embargo, aunque la degradacion de las especies no es
significativa, los rendimientos de extraccidon en algunas matrices son bajos, probablemente
debido a que la enzima no es capaz de hidrolizar los enlaces del analito en la matriz.
Dependiendo del tipo de matriz, en muchas ocasiones es necesaria la utilizacién de enzimas
como lipasas (recomendadas para muestras con alto contenido lipidico), y amilasas (utilizada
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en la hidrodlisis de glucégeno y almidon).””” La selenometilselenocisteina y y-glutamil-

selenometilselenocisteina, especies de Se presentes fundamentalmente en vegetales

pertenecientes a las familias Allium y Brassicaceae,'®®*®

no se encuentran incorporadas a
proteinas.27 Dado que estas especies no son proteinogénicas, la extraccién de las mismas es
independiente de si la hidrdlisis es 0 no enzimatica.'®® Para la extraccidn de especies de Se que
pueden estar incorporadas a proteinas, la hidrélisis enzimdtica, es una de las mas
prometedoras. En la Tabla 2 se recogen varios ejemplos de tratamientos de diferentes

muestras de origen biolégico empleando enzimas para la extraccion de especies de Se.
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Tabla 2. Ejemplos de muestras tratadas empleando la hidrélisis enzimatica para la extracciéon de las
especies de Se presentes

Muestra Tratamiento enizimatico Especies identificadas

Mostaza India, Proteinasa K, agitacion en oscuridad 20 h/37 eC.">*

i SeMet
nueces de Brasil

1. H,0 3h/37 2C agitar 200 rpm.

2. pepsina 0.05M Tris-HCl a pH 2.1 20h/37 2C agitar 200
Champifiones rpm. SeCys, y Se(IV)

3. tripsina 0.1M reguladora de fosfato a pH 7.6 20h/37
oC agitar 200 rpm.54

Higado, rifndn y Proteasa XIV, 0.1 M Tris-HCl disolucidn reguladora a pH SeMety

musculo de pollo 7.5, 2 min USP.”’ . . o
especies no identificadas

1. 0.1 M HCI, agitacién mecénica 20h/37 2C 6 3 min
USP.

Ajos, 2. 0.025 M acetato de amonio pH 5.6, agitacion MetSeCys, SeMety

mecanica 20h/37 2C 6 3min USP.

Mostaza India especies no identificadas

3. Proteasa, agitacion mecdanica 20h/37 2C 6 3 min
168

USP.

Levadura 1. Proteasa XIV+lipasa en Tris-HCI, sonicacion 2 h SeMet y SeMeSeCys
2.12h/25 ec.”*

Levadura Subtilisina 0.1M Tris-HCI, pH 7.5, 24h/37 oC (2 Se(lV)ySeMet
veces).68

Ostra SeMety TMSe

Harina SeCys, y SeMet

Otras enzima, como la Alcalasa, proteasa bacteriana alcalina produzida por Bacillus
licheniformis, ha sido muy utilizada para la obtencion de hidrolizados proteicos de pescados.
Su elevada capacidad de hidrdlisis en condiciones de pH moderadas es mucho mayor que la de

enzimas neutras o acidas.’’>*’

Los procedimientos enzimaticos tradicionales implican la incubacién a 37 2C durante un
tiempo entre 24 y 48 horas. La aplicacién de la energia de ultrasonidos focalizada, como se ha
comentado en el apartado anterior, ha supuesto una reduccién considerable de los tiempos de
tratamiento, alcanzandose la extraccién total de Se de diversas matrices bioldgicas en
intervalos de tiempo que oscilan entre 15 segundos y 3 minutos. La ventaja de poder reducir
considerablemente el tiempo de andlisis va acompafiada de |la desventaja de que la energia de

ultrasonidos es mas agresiva para las muestras, lo que supone un riesgo para la transformacion
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de las especies presentes en la matriz. La sonda de ultrasonidos se ha empelado para la
extraccion de distintas especies de Se (Se(lV), Se(Vl), SeMet, SeMeSeCys y SeCys,) en
suplementos alimenticios enriquecidos con Se. Entre las ventajas que supuso el empleo de
esta metodologia se encuentran: el uso de pequefas cantidades de muestra
(aproximadamente 10 mg) y bajos volimenes de extraccion.”’” La energia de ultrasonidos tiene
numerosas aplicaciones en el campo de la quimica y es empleada para la extraccion de los

analitos de distintas matrices.?®*

1.5.2. Separacidn e Identificaciéon de Especies de Selenio.
Técnicas Hifenadas: Métodos Cromatograficos Acoplados a la Espectrometria de Masas

Habitualmente, la determinacion de especies requiere el acoplamiento de dos técnicas: una
técnica para separar las especies quimicas de interés y un método de deteccion sensible que
pueda proporcionar la deteccidon del analito a bajos niveles de concentracion. Entre los
diversos sistemas de deteccion (HG-AAS, HG-AFS, ICP-OES, ICP-MS), actualmente la
espectrometria de masas mediante plasma de acoplamiento inductivo (ICP-MS, Inductively

Coupled Plama Mass Spectrometry) es la mas utilizada.

En el desarrollo de esta tesis doctoral se ha empleado la técnica ICP-MS debido a su
versatilidad para la determinacion de trazas y ultratrazas en materiales bioldgicos, y a su
caracter multielemental. La deteccion mediante ICP-MS ofrece la posibilidad de realizar
medidas de relaciones isotdpicas en un intervalo de linearidad superior a cuatro drdenes de
magnitud.”® El analizador de masas mas utilizado en ICP-MS es el cuadrupolo, que acttia como

filtro separando a los iones en funcidon de su relacion masa/carga.

Uno de los problemas de ICP-MS es la presencia de interferencias espectrales. Las
interferencias espectrales existentes en la determinacién del Se, hace que su monitorizacién

179180 | 5 mayor interferencia es la formacién del dimero *°Ar** que

sea a veces problematica.
solapa con la sefial del isétopo mas abundante de Se, ¥Se. Otros is6topos menos abundantes
de Se, pero que poseen menos interferencias espectrales son: 8250, ®se 0 "Se. El isdtopo 82ge
es el mas empleado en la determinaciéon de Se pues a pesar de tener una abundancia
relativamente baja (8,7%) es el menos afectado por interferencias espectrales.”” En la Tabla 3

se muestran las principales interferencias para cada isdtopo de Se.
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Tabla 3. Interferencias para los distintos isétopos de Se en la técnica ICP-MS

Isétopo Abundancia (%) Interferencias
T4gq 0.89 37C|2+, 40 Ar34S+, 74Ge+, 38p 36,
7664 9.36 40Ar36Ar+, 40Ar365+’ 76Ge+, I3
77se 7.63 OararH’, Car’cl’, “k*°art, “ca,
35 1+
cl
784 23.78 40Ar38Ar+, 78Kr+, 38Ar4°Ca+, 64Zn14N+,
44 34+
Ca’'sS
85e 49.61 “ar,", BrH’, #%kr", “°Ar*°ca’
850 8.73 8prH", “ar*ca’, BKkr*

Estas interferencias pueden ser eliminadas mediante el empleo de las celdas de colisién y de
reacciéon, mediante la reaccion y/o colisién de los iones poliatémicos interferentes y el gas
apropiado, (entre los mas utilizados se encuentran el H,, He y Xe). En el caso del Se, la celda de
colisiones es especialmente atil ya que permite la monitorizacién de los isétopos mas

abundantes de este elemento, *Se y "®se.'®!

Como se ha comentado anteriormente, en los andlisis de especiacién es necesaria una
técnica que permita la separacidon de las especies. Esta separacidon generalmente se realiza

empleando técnicas cromatograficas.

Las técnicas de separacion mas empleadas son la cromatografia liquida de alta eficacia
(HPLC, High Performed Liquid Chromatography), la cromatografia de gases (GC, Gas
Chromatography), y la electroforesis capilar (CE, Capilar Electrophoresis). La principal ventaja
de CE es la capacidad para la separacion de distintos tipos de analitos: cationes, aniones y
pequefios iones metdlicos, complejos de metales con ligandos orgdnicos, compuestos
organometalicos y biomacromoléculas. Sin embargo, el pequefio didmetro del capilar y los
bajos volimenes de muestra limitan la obtencién de bajos limites de deteccién.'’* Asi como las
interfases de GC y HPLC con el ICP-MS son relativamente sencillas, el acoplamiento de CE al
ICP-MS presenta algunas complicaciones.’® CE se ha utilizado en la especiacién de Se como

. . g . 171
parte de las separaciones bidimensionales.”’

El acoplamiento GC-ICP-MS presenta una elevada sensibilidad y es la técnica mas adecuada

183

para el analisis de especies volatiles de Se, como el DMSe.™ También se ha empleado en la

identificacion de especies no volatiles de Se previa derivatizacidon, lo que implica un
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tratamiento de muestra mas tedioso.'®

Debido a que muchos compuestos de Se de interés
biolégico son no volatiles, HPLC es la técnica mas empleada. En este caso no se requiere una
etapa previa de derivatizacién por lo que se evita la posible descomposicién térmica que
puede ocurrir en GC. El facil acoplamiento de los sistemas de HPLC a ICP-MS vy los bajos limites
de deteccién que se alcanzan, convierten a esta técnica hifenada en la mas adecuada en

estudios de especiacién de Se. Los mecanismos de separacién mas utilizados en HPLC son:

Cromatografia de fase inversa y de par idnico (RP, reverse phase): La adicion de agentes
formadores de pares idnicos a la fase movil extiende la aplicacion de esta técnica
cromatografica, ya que permite la separacion de moléculas neutras, anidnicas y catidnicas.'® El
acido trifluoroacético (TFA) y el dcido heptafluorobutirico (HFBA) son los mas utilizados.'®® La
cromatografia de fase inversa, requiere en ocasiones el empleo de un gradiente de polaridad,
pudiéndose alcanzar altas concentraciones de disolventes organicos, llegando hasta el 100%
de metanol o acetonitrilo. El uso de concentraciones de disolventes organicos elevadas afecta
negativamente a la estabilidad del plasma en ICP-MS y origina una disminucién de la
sensibilidad. La introduccion de oxigeno al gas plasmdgeno y el uso de conos de platino,

constituyen una alternativa para utilizar fases maoviles con un alto contenido de disolventes

organicos.'®’

Cromatografia de intercambio idonico (AE, anion exchange): La capacidad de los grupos
cargados positivamente de la fasae estacionaria para atraer a los aniones del soluto, y de los
grupos cargados negativamente de atraer a los cationes, ha dado lugar a que ambas fases
estacionarias se hayan utilizado frecuentemente en la separacién de especies de Se idnicas. En
los intercambiadores anidnicos, los grupos cargados positivamente en la fase estacionaria
atraen a los aniones del soluto, mientras que los intercambiadores catiénicos contienen

puntos cargados negativamente que atraen a los cationes de soluto.'®®

Cromatografia de exclusion molecular (SEC, size exclusion): Es el método de separacién mas
utilizado para la separacién de péptidos y proteinas. Se recomienda en la separacién de
biomoléculas de alto peso molecular, en las cuales el heteroatomo se encuentra complejado
por coordinacidn y no por enlaces covalentes carbono-metal, como sucede en el caso de los
compuestos de bajo peso molecular. La resoluciéon de esta técnica es baja comparada con
otros mecanismos de separacién, aunque es muy utilizada como técnica preparativa en

separaciones multidimensionales.'***%
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El acoplamiento HPLC-ICP-MS permite la identificacion de especies mediante comparacion
de los tiempos de retencién de las especies a identificar y de los patrones disponibles. Sin
embargo, la co-elucién de especies y la falta de patrones comerciales, son los principales
problemas asociados a una correcta identificacion y confirmacién de la identidad de las

especies.
Técnicas Moleculares

Para obtener informacién estructural se requiere el uso de técnicas moleculares de
ionizacion suave, tales como la espectrometria de masas de ionizacién por electrospray (ESI-
MS, electrospray mass) y la espectrometria de masas de tiempo de vuelo con
desorcion/ionizacion laser asistida por matriz (MALDI-TOF, matrix assisted laser
desionization/ionization time of flight). Estas técnicas permiten paliar la falta de patrones
comerciales para la identificacidon de especies, aunque presentan como desventaja su elevado
coste econdmico y baja sensibilidad, lo que implica la aplicacion de etapas sucesivas de

preconcentracién de los extractos.

La técnica de ESI-MS permite la deteccidn de la presencia de compuestos que contienen Se
de forma relativamente sencilla, basandonos en la identificacidon del patrdn isotdpico de este
elemento en el espectro de masas, asi como la determinacién precisa del peso molecular de

las especies.?

Sin embargo, para obtener informacién estructural de las mismas se requiere el
uso de un tdndem de espectrometros de masas, en el cual se utiliza la disociacién inducida por
colision (CID, collisioni-induced dissociation) para reproducir la fragmentacion del ion
molecular de interés. Una de las estrategias desarrolladas para la confirmacién de la estructura
de las especies de Se es la fragmentacion del compuesto analogo de azufre. La identidad de la
especie queda confirmada al obtener fragmentos que difieren en 48 unidades, que

corresponde con la diferencia de masas de los isétopos *°Se y *%S.”

Una de las principales
desventajas de ESI-MS con respecto a ICP-MS, es la baja sensibilidad, lo cual representa un
problema para la especiacién en muestras reales donde la concentracion del elemento de
interés se encuentra a niveles de trazas o ultratrazas. La mayoria de los analisis de especiacion
de Se utilizando ESI-MS han sido encaminados a la elucidacidn estructural de Se-péptidos
resultantes de la digestidn triptica de proteinas solubles en agua en muestras de levaduras
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enriquecidas con Se.”" Del mismo modo, esta técnica también ha sido utilizada para la

determinacion de especies de Se en plantas cultivadas en medios enriquecidos con Se.'*

A diferencia de ESI, MALDI presenta una elevada tolerancia a los contenidos de sales y otras

interferencias. Entre sus caracteristicas destacan la sencillez, robustez y sensibilidad. Estas
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caracteristicas hacen que sea una técnica atractiva para la deteccion de especies que no
pueden ser analizadas por ESI. El acoplamiento con un detector de tiempo de vuelo (MALDI-
TOF) permite la determinacidn precisa de la masa de los iones, basado en el tiempo que tardan
en alcanzar el detector, dependiendo de la relacion masa/carga (m/z). La mayoria de las
aplicaciones de MALDI-TOF en la especiacion de Se se limitan a la caracterizaciéon de la fraccién

soluble de proteinas de levaduras enriquecidas con Se.***%31%

1.5.3. Problematica y Validacion de los Resultados en Especiacién de Selenio

La determinacién de las especies de Se en muestras bioldgicas puede llegar a ser bastante
compleja. Durante las etapas de extraccidon de especies y separaciéon de las mismas, debe
asegurarse la integridad tanto de la forma quimica como de la concentracidn de la especie
buscada. La identificacién de especies no debe realizarse basandonos exclusivamente en los
tiempos de retencidn ya que la posible co-elucién de especies puede dar lugar a
informaciones erréneas. Generalmente, es necesario el uso de varias técnicas cromatograficas
con el fin de establecer sin ambigliedad la identidad de las especies. Del mismo modo, la
validacién de la eficiencia de los procesos de extraccién requiere el uso de materiales de
referencia certificados, la realizacidn de test de comparacién entre laboratorios y el empleo de

metodologias analiticas independientes.

A pesar de que son varios los materiales de referencia que se encuentran actualmente
disponibles, su nimero es aun limitado, teniendo en cuenta que para una correcta validacion
de los resultados, la matriz del material de referencia debe ser la misma, o muy similar a la de

la muestra a analizar, y la concentracién de las especies del mismo orden.

Con el objetivo de superar los inconvenientes derivados de la falta de materiales de
referencia y de los métodos clasicos de calibracidn, la técnica de andlisis por dilucidn isotopica
(IDA, Isotopic Dilution Analysis) se considera como una estrategia muy Util para la
determiancion de metales en diferentes matrices. La dilucién isotopica estd basada en la
medida de la relacién isotépica de un elemento en una muestra, en la que su composicion
isotopica se ha alterado mediante la adicién controlada de una cantidad conocida de ese
elemento enriquecido isotépicamente (conocido como trazador o spike).* La principal ventaja
que presenta el analisis por dilucién isotdpica es la independencia respecto a posibles
variaciones en la sensibilidad del equipo y a los efectos de la matriz. Entre los diferentes
métodos de ID, los mas empleados son: “species-unespecific” (también conocido como ID

inespecifica o post-columna) y “species-specific” (ID especifica). En el primer caso, el trazador
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puede encontrarse en una forma quimica diferente a la de la especie de interés, permitiendo
asi cuantificar especies de estructuras desconocidas o de las que no se disponen patrones
comerciales isotépicamente marcados.'® Por el contrario, la ID especifica requiere que se
conozca previamente la forma quimica del elemento, ya que el trazador debe estar marcado
isotépicamente en la misma forma. Este método es una excelente alternativa en la

cuantificacién precisa de especies elementales.*’***
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Il. Nanoparticulas Inorgdnicas. Nanoparticulas de Selenio y

Nanoparticulas de Didxido de Titanio

Las nanoparticulas (NPs) y los nanomateriales
(NMs) se definen como materiales de al menos
una dimensidn cuyo tamano estd comprendido
entre 1 y 100 nm." Debido a su pequefio tamafio,
estos pueden presentar diferentes propiedades

fisico-quimicas respecto a los correspondientes

materiales “bulk” (de mayor volumen y masa).

Se producen modificaciones de sus propiedades dpticas (razén por la cual se observan cambios
en el color de las nanoparticulas), en su comportamiento térmico, resistencia material,
solubilidad, conductividad y actividad (foto)catalitica.”* Este comportamiento, que convierte a
las NPs en materiales tan “especiales”, estd principalmente influenciado por su elevada
relacion area superficial/volumen,’ y por la presencia de numerosos defectos superficiales y
sitios cataliticamente activos,® caracteristicas que hacen que la reactividad de las NPs sea
aproximadamente 1000 veces superior respecto a las microparticulas o materiales “bulk”.
Ademas, esta reactividad puede ser facilmente modificada mediante el recubrimiento o la

funcionalizacién de su superficie.

En las préoximas secciones se detallan algunas de las aplicaciones mas importantes de las NPs y

MNs, asi como una discusion de su impacto en diversas areas de interés cientifico.
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11.1. Aplicacion de las Nanoparticulas

El desarrollo de la nanotecnologia ha supuesto una nueva via de mejora de materiales.
Entre todas las caracteristicas citadas en el apartado anterior, quizds la propiedad que
convierte a estos NMs en productos tan demandados sea su gran aplicabilidad. Actualmente,
las NPs son utilizadas en multitud de areas, desde aplicaciones médicas como medio
ambientales, dando lugar a un amplio abanico de posibilidades. En este sentido, mas de 200
companias en todo el mundo (en Estados Unidos, Japon y Europa) estan focalizando su

investigacion en el desarrollo de nuevos productos basados en la nanotecnologia.’

A continuacién, y tal y como aparece esquematizado en la Figura 5, se clasifican las
aplicaciones y NPs mas utilizadas, clasificadas en funcion de su composicion quimica. La
informacién recogida nos ayuda a entender cdmo el uso de NPs ha supuesto una ventaja tanto

desde el punto de vista de la industria, como para el consumidor:

NPs de 6xidos metalicos

NPs inorganicas Microelectrénica

Materiales de aislamiento Nanoprocesadoresy sistemas de
Pinturas almacenamiento de datos
Textiles Resolucion de pantallas

Sistemas “auto-clean” Baterias

Sensores

CNTs

NPs inorgdnicas

Herramientas de corte %

Neumaticos y parachoques

Electrdnica

Remediacién de gases Microscopia

toxicos y otros contaminantes
Transformadores cataliticos

Imagen

/ Regenacion celular

— Bioseparacién
Distribucién de medicamientos
Biomedicina | Transfeccién de genes
" Imagen médica
Diagnostico de enfermedades

Medio Ambiente

Aditivos, colorantes
Envases
Suplementos

Cremas anti-edad

Protectores solares

Cremas labiales

Champu, Pasta de dientes,
Jabones, Sombra de ojos, etc...

Figura 5. Esquema de las NPs empleadas y sus aplicaciones en diversos sectores de la industria.
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Aplicaciones Electrdonicas: Los NMs son utilizados en microelectrénica, consiguiendo una
reduccion significativa del tamafo de los elementos de un circuito. Un ejemplo de esto son los
nanoprocesadores que proporcionan una mayor rapidez en el procesamiento de datos, y los
dispositivos de almacenamiento de datos que aumentan la capacidad de almacenamiento de
informacién. Ademas, existen nuevos NMs que actualmente se estan empleando en el
desarrollo de baterias y sensores. Estos ultimos son utilizados para la detecciéon de varios
pardmetros como la resistencia eléctrica, conductividad térmica y capacidad, actividad

quimica.8

Dentro de este sector los nanotubos de carbono (CNTs) son muy utilizados. Sus propiedades
eléctricas, mecanicas y quimicas los convierten en excelentes materiales para electrdnica,

entre otras apIicaciones.9

Aplicaciones Biomédicas: Dentro de esta area se estd desarrollando la utilizacion de
nanofibras (“nanoandamios”) como sitios de unién para regenerar células del sistema nervioso
central y otros drganos. Ciertos nanopolvos, como NPs de Ag y TiO,, son comuUnmente
utilizados en el revestimiento de mascarillas quirtrgicas debido a su efecto antimicrobiano.™
Las membranas de nanotubos son utilizadas en bio-separacion actuando como canales para el
transporte selectivo de moléculas e iones.™ La capacidad de las NPs para penetrar en células y
drganos se puede explotar desde el punto de vista de la biomedicina ya que de esta forma se
facilita la liberaciéon de medicamentos en sitios diana.’> Las NPs también son utilizadas en la
distribucidn del material genético dentro de células. Ademas, la deteccién de proteinas y
secuencias de ADN, recurso muy utilizado en el diagnostico de enfermedades, se realiza

mediante ensayos basados en NMs."

Otras nanoestructuras basadas en carbono, los fullerenos, son muy utilizadas en este tipo de
aplicaciones.™ En biomedicina también cabe destacar el uso de NPs de éxidos metalicos. Este
grupo de NPs comprende a una amplia variedad de 6xidos de metales de transicién (Fe,03,
CuO, TiO,, Zn0O, Ce0), incluyendo a las NPs de $i0,.°" Las propiedades paramagnéticas de las
NPs de Fe,0; han sido de gran utilidad en numerosas aplicaciones in vivo (reparacion de
tejidos, inmunoensayos, liberacién de farmacos, etc...)." Las propiedades fluorescentes de los
Quantum Dots (QDs), nanocristales semiconductores constituidos por dos metales (CdSe, CdS,
CdZn, etc...), los conviertes en materiales muy adecuados en aplicaciones de diagnostico. A
parte de las NPs inorganicas, es importante destacar las NPs de polimeros orgdnicos. La
naturaleza de estds NPs y su elevada estabilidad en fluidos bioldgicos les confieren unas

propiedades dptimas que son explotadas en ensayos biomédicos.™
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Aplicaciones Medio Ambientales: Se usan en la remediacién de contaminantes, ya que debido
a su extraordinaria reactividad quimica, los NMs pueden ser usados como catalizadores para
reaccionar con gases téxicos (CO y NO,), en transformadores cataliticos de automoviles y
. .y ;.20 . . .
equipos de generacion de energia.” Los nanotubos funcionalizados se utilizan en la
eliminacién de moléculas especificas de disoluciones.”* Actualmente, se esta investigando la
capacidad de las NPs para reaccionar con contaminantes en el aire, suelo y agua y
transformarlos en compuestos menos peligrosos(desarrollo de pinturas que absorben los

gases nocivos de los tubos de escape).”

Las NPs inorganicas (compuestas por elementos metdlicos como Ag, Au, Fe, Mg y Zn,
incluyendo no metales como el Se) se usan en multitud de aplicaciones: en remediacion,
catdlisis, desarrollo de energias renovables (paneles solares), deteccién de biomoléculas, etc.
Debido a su versatilidad, las NPs de 6xidos metalicos también son muy utilizadas con fines

. . T 15-17
medio ambientales (catalisis).

Aplicaciones en Cosmética: Debido su habilidad para penetrar en las capas protectoras de la
piel, se usan como agentes liberadores de nutrientes, por ejemplo; de péptidos sintéticos
encargados de la regeneracion celular.”? Algunas NPs tienen propiedades antioxidantes,23 y
por lo tanto su aplicacion puede ayudar a mantener el aspecto joven de la piel. Debido a su
pequefio tamafo y propiedades Opticas, se piensa que son capaces de ocultar arrugas y
pequefios pliegues de la piel. En este sentido, el nanopolvo de Al,O; es usado para reducir
visualmente finas lineas de expresion.”* Muchos productos cosméticos y de cuidado personal
tienen incorporados NMs: desodorantes, jabones, pastas de dientes, champdus,
acondicionadores capilares, cremas, bases de maquillajes, polvos faciales, cremas labiales,

sombras de ojos, laca de ufias, perfumes.”

Las NPs mas utilizadas son de 6xidos metalicos, entre las que destacan las NPs de TiO, de y
Zn0. Ambos compuestos pueden llegar a ser transparentes a la luz visible cuando estan a
escala nanométrica. Son capaces de absorber y reflectar la luz ultravioleta, capacidad que los

convierte en excelentes componentes de cremas solares.”®

Aplicaciones en Técnicas de Imagen: como componentes de sondas en microscopia de
barrido, consiguiendo un aumento de la resolucidn, y en el reconocimiento molecular en

microscopia de fuerza idnica.
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La unién de biomoléculas con CNTs constituye una estrategia muy utilizada en bioimagen.?” En
este sentido, los QDs también son empleados para la obtencién de imagenes biomédicas in

vivo.?®3

Materiales y Revestimientos: en sistemas de auto-limpiado de cristales (recubiertos con TiO,),
como materiales de aislamiento, en pinturas (para aumentar la resistencia de ciertos
materiales a la accién corrosiva de ambientes acuaticos), y en textiles por presentar

caracteristicas antimicrobianas.*

Dentro de este grupo se pueden encontrar NPs de éxidos metalicos e inorganicas.

Ingenieria mecanica: en herramientas de corte para proporcionar una mayor resistencia

respecto a las convencionales.®

Las propiedades mecanicas de los CNTs los convierten en los NMs mas adecuados para esta

finalidad.

Industria alimenticia: Muchos alimentos contienen ingredientes naturales de tamano
nanométrico, como: proteinas globulares (entre 10 y 100 nm), polisacaridos lineares
considerados nanoestructuras de una dimensién y, otros polisacdridos como el almiddn,
considerados nanoestructuras de tres dimensiones.>* Ademads, en la industria alimenticia
podemos encontrar ciertos NMs inorgdnicos empleados como aditivos (SiO,, E551; TiO,, E171),
como agentes “anti-coagulantes”, y en envases (ejerciendo un papel protector contra la acciéon

microbianay la radiacién UV.*

Los compuestos mas utilizados son las NPs inorganicas (Ag y Au) y las NPs de 6xidos metalicos

(znO, SiO,, TiO,, Al,03, Fe;0, y Fe,05).

Entre otras aplicaciones de la nanotecnologia en la industria alimenticia se encuentran: la
fabricacion de biosensores para la identificacion de bacterias y evaluacién de la calidad de los
productos,® el desarrollo de sistemas inteligentes para el empaquetado de alimentos,” y la

nanoencapsulacién de compuestos bioactivos.*®*°
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I1.2. Impacto de las Nanoparticulas en Diferentes Areas de Interés Cientifico

El nimero de publicaciones relacionadas con la nanotecnologia se ha incrementado de
manera exponencial desde el afio 2000, alcanzando el nimero de 46000 publicaciones en el
afio 2013, segun la base de datos ISI Web of Knowledge.* Dentro de los estudios desarrollados
en diferentes areas de interés cientifico, es notable el aumento del nimero de publicaciones

relacionadas con la toxicidad, particularmente en los Ultimos dos afios (Figura 6).

14000 -
12000 -
10000 -
8000 -
6000 -
4000 -
2000

Figura 6. Representacion grafica en la que se recogen los articulos de investigacidn o revisiones, publicados entre el
afio 2000 y 2013, relacionados con la presencia o aplicacién de NPs en diferentes areas de interés cientifico. Un
numero elevado de estudios se han desarrollado en el campo de la farmacologia, tecnologia, electrénica y toxicidad.

Este rdpido desarrollo ha derivado en discusiones cientificas acerca de la seguridad de las
NPs respecto a la salud humana y medio ambiente. Debido a la presencia de NPs en
numerosos aspectos de la vida cotidiana, la exposicién de los seres humanos de manera
directa es practicamente inevitable. Ademas, la liberaciéon de NPs al medio ambiente (vértidos,

basuras, aguas de desecho...) puede conllevar a una exposicién indirecta.

Actualmente, la toxicidad de las NPs y sus efectos en la salud humana no estan totalmente
establecidos. Aunque el tamafio de las NPs constituye unos de los factores claves en la
determinacién de su toxicidad,* también se deben considerar otros pardmetros como:
composicion quimica, forma y morfologia, estructura, carga superficial, estado de agregaciodn,
solubilidad y la presencia o ausencia de grupos funcionales.” Se conoce que las NPs son

capaces de atravesar las barreras bioldgicas y penetrar en células transportandose a tejidos y

72



Introduccion. Nanoparticulas Inorganicas

érganos, mientras que las particulas de mayor tamafio generalmente no pueden hacerlo.* Las
NPs también pueden entrar en el torrente sanguineo, mediante su inhalacién o ingestién, y
algunas tras penetrar en la piel.** Una vez que entran en el torrente sanguineo se transportan a
diferentes partes del cuerpo y se acumulan en érganos y tejidos, como cerebro, corazdn,
higado, rifiones, pulmones y sistema nervioso. A nivel celular, los principales mecanismo
implicados en la citotoxidad de las NPs son la formacidn de especies reactivas de oxigeno (ROS,

4546 | estrés oxidativo

reactive oxygen species) y la consiguiente induccién al dafio oxidativo.
celular se produce como resultado de un desequilibrio entre la produccidn de ROS y la defensa
antioxidante celular. Ademas, un aumento en los niveles de ROS puede causar la disrupcién de
la membrana celular y mitocondrial*’ y el dafio a proteinas, lipidos y ADN celular,*® dando lugar
a la muerte celular.”® Para entender de una manera sencilla cémo las NPs son capaces de

entrar en las células e interaccionar con varios componentes celulares, en la Figura 7 se

compara el tamafio de una célula y sus organulos con el tamafio de varias NPs.”

‘ 1 micron

500 nm

400 nm
200 nm
100 nm

Figura 7. Comparacion entre el tamaino de
una célula de macréfago y NPs de varios
tamafios (desde 100 nm a 1 um).

Entre las enfermedades relacionadas con la inhalacién de NPs se encuentran: asma,
bronquitis, cdncer de pulmdn, enfisema pulmonar, y enfermedades neurodegenerativas como
Alzheimer, Parkinson. La presencia de NPs en el tracto gastro-intestinal puede estar
relacionada con la enfermedad de Crohn y cancer de colon. Las NPs que entran en el sistema
circulatorio estan relacionadas con la arterioesclerosis, formaciéon de coagulos de sangre,
arritmias, enfermedades del corazén y uUltimamente con la muerte cardiaca.® La toxicidad de
las NPs en el medio ambiente también ha sido estudiada en numerosas ocasiones, y se ha

51-54 Sin

demostrado que se encuentra estrechamente relacionada con el tamafio de particula.
embargo, los mecanismos involucrados en los efectos nocivos derivados de |la presencia de NPs
en ecosistemas acuaticos, organismos terrestres y plantas estan menos establecidos.>>®*® Todos
los estudios enfocados en este sentido coinciden en la importancia de evaluar la toxicidad en
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términos de bioacumulacion y a largo plazo. A pesar de todos los datos recogidos, resulta muy
complicado generalizar sobre los riesgos asociados a la exposicidon de NPs, ya que cada tipo de
NPs o NMs deben ser individualmente estudiados teniendo en cuenta todas sus propiedades
fisico-quimicas. Debido a que la presente tesis doctoral se ha centrado en el estudio de las NPs

de Se y NPs de TiO,, nos centraremos en el impacto toxicoldgico de dichos compuestos.

I1.3. Nanoparticulas de Selenio

Como ya se ha hecho referencia en el Capitulo I, “Selenio: Elemento Esencial”, el Se se
puede encontrar en varios estados de oxidacién, como selenito (Se05”), seleniato (Se0,”),

selenide (Se”), oxoaniones donde los estados de oxidacién son +4 y +6, y Se elemental (Se°).

Se conoce que la toxicidad de los iones metalicos puede ser reducida, o incluso eliminada,
mediante la oxidacidn o reduccién de sus estados de oxidacién, dando lugar a la formacion de
particulas de Se® de tamafio nanométrico.®! Es interesante resaltar que el Se° constituye una
de las mayores reservas en sistemas acuaticos, representando sobre el 30-60% del Se total en
sedimentos. En la naturaleza la reduccién de los iones Se(IV) y Se(VI) a Se° estd controlada

tanto por procesos microbiolégicos como por procesos reductores.®

Entre las diferentes formas alotrépicas de Se°, el gris (con forma hexagonal) y el negro
(variedad metalica en estado muy fino de subdivisién) son considerados biolégicamente

inertes, debido principalmente a su baja solubilidad.®***

Existe otro alétropo, caracterizado por
su color rojo (que puede ser amorfo o cristalino), presente en el ambiente microbiano,
conocido como Se° biogénico. Este se encuentra como particulas esféricas de tamafio
nanométrico (NPs de Se). En ambientes acuaticos, las NPs de Se pueden permanecer en
suspension coloidal durante semanas. Sin embargo, debido a su elevada relacion
superficie/volumen, su cinética de re-oxidacidon es mucho mas rapida en comparacion con
otros estados de Se con tamafios de particula mayores. Es decir, las NPs de Se expuestas a
zonas aerobias o zonas en las que pueden estar sujetas a procesos de re-oxidacién, se pueden
transformar a Se(lV) 6 Se(VI) y de nuevo ser biodisponibles. Estas particulas esféricas de
tamafio nanométrico presentan una elevada tendencia a unirse a polimeros organicos
constituidos por proteinas de origen bacteriano, siendo estos los que limitan su dispersién en
el medio ambiente. Debido a las propiedades conferidas por la fraccién proteica a las que se

asocian (diferente naturaleza hidrofilica o potencial de superficie), y sus dimensiones

nanomeétricas, las NPs de Se se distribuyen de manera diferente al Se® de mayor tamafio.*
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11.3.1. Aplicaciones de las Nanoparticulas de Selenio

El Se° cristalino (monociclico) en escala nanométrica es un elemento de interés para
aplicaciones electrdnicas y fotdnicas. Sus altos indices de refraccién y su alta reactividad
permiten el recubrimiento de su superficie con otros metales como platino y cadmio,
produciéndose nanoestructuras “core-shell”, como celosias de opalina invertidas u otros

materiales funcionales.®®

Los efectos beneficiosos del Se sobre la salud humana, puestos de manifiesto en multitud
de estudios, han abierto el camino para el empleo de las NPs de Se dentro de areas
relacionadas con la biologia, medicina y nanotecnologia. Varios trabajos han mostrado la
biodisponibilidad, elevada actividad bioldgica y baja toxicidad que presentan estas NPs frente a

otras especies organicas como la SeMet o SeMetSeCys.G"’GG'67

11.3.2. Reactividad de las Nanoparticulas de Selenio: Métodos de Sintesis y Estabilizacion de

las Dispersiones

Ademas de los procesos de sintesis naturales, existen otros métodos sintéticos como:
exposicién de acido selenioso a la radiacién gamma, reduccion del acido selenioso a varios
reactivos como hidracina (N,H,;), oxidando iones de seleniuro electroquimicamente,
cristalizando Se amorfo, usando un método de micela reversa o ablacién laser. Todos estos
métodos de sintesis presentan algunas limitaciones, como por ejemplo: el empleo de altas

temperaturas y presiones, dando lugar a NPs con una amplia distribucién de tamafio.*

Actualmente, la sintesis de NPs de Se basada en reacciones redox se considera el
método mds adecuado para su posterior aplicaciéon en biomedicina. Estos procedimientos de
sintesis se basan en la reaccion entre un compuesto de Se y un agente reductor. Son conocidos
como métodos “verdes”, ya que se produce la interaccién entre las NPs sintetizadas y
biomacromoléculas (polisacaridos hiperramificados (HBP), dendrimeros...).2® Frente a los
procesos quimicos tradicionales, presentan las siguientes ventajas: reacciones a temperatura
ambiente, empleo de medios acuosos y pH neutro. Shen y col. sintetizaron complejos

dextrano-NPs de Se, con un tamafio medio de 36 nm, para su posterior aplicacidon en

nanomedicina.?* Como reactivo precursor suele emplearse el Se(lV), y entre los agentes

70,71
El

reductores mas comunes se encuentra el GSH y el acido ascérbico. hidrato de hidracina

también se ha utilizado como agente reductor en presencia de didéxido de selenio y el
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surfactante cationico bromuro de hexadeciltrimetilamonio (CTAB,
hexadecyltrimethylammonium bromide). El resultado fue la formaciéon de NPs de Se con un

tamafio de tan sélo 16 nm.”?

Uno de los inconvenientes que presenta este tipo de sintesis es
qgue la introduccién de agentes reductores al medio de reaccidén puede generar productos
secundarios, lo que requiere una purificacion que puede limitar las investigaciones realizadas

sobre las NPs y sus futuras aplicaciones.”

La estabilidad de las NPs constituye otro factor a tener en cuenta. La dispersion de NPs de
Se suele ser inestable en ausencia de modificadores que controlen la sintesis (agentes
estabilizantes), dando lugar a la agregacidn y consecuente transformacion de las NPs a Se gris
o negro. La funcién principal de estos modificadores es ayudar en la formacién de NPs de Se
de color rojo (recordemos que son las mas bio-activas), estables, dispersas, y de un tamafo
definido y controlado. La estabilizacién de las dispersiones, en la mayoria de los casos, se basa
en el recubrimiento de las NPs impidiendo de esta forma el crecimiento y agregacién de las
mismas. En este sentido, proteinas como albumina de suero bovino (BSA, Bovine Serum

70,74

Albumine), monosacaridos (glucosa), oligosacaridos (sucrosa), y polisacaridos (U.

pinnatifida, chitosan (CS) y eucheuma striatum sulfatado (ESS))®"’>7®

son los mas empleados
para modificar la superficie de las NPs de Se y controlar su didmetro. La formacién de
nanoestructuras BSA-Se° es el resultado de la combinacién de las interacciones hidrofdbicas
producidas entre las areas apolares de la proteina y las zonas de alta reactividad de la
superficie de las NPs, y de las interacciones electrostaticas intermoleculares fomentadas por la
naturaleza poli-anfolitica de la proteina.”” Por otro lado, los sacaridos son capaces de modular
la formacion de NPs de Se en términos de didmetro, tamaino y morfologia. Se ha demostrado
que esta modificacion es fuertemente dependiente del tamafio y de la estructura molecular
del sacdrido empleado. En este sentido, la estabilizacién ejercida por los polisacaridos es
mayor que la de los oligosacaridos, y ésta a su vez mayor que la de los monosacaridos (Figura
8). £

f
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Figura 8. Estabilizacién de las NPs de Se en funcion del tamafio y de la estructura molecular del sacédrido empleado
en la reaccién de sintesis.

Otro motivo por el cual se puede concluir que los polisacaridos son mas eficaces en la
estabilizacion de las NPs reside en la fortaleza de los enlaces de hidrogeno formados. Los

polisacaridos CS o ESS (Figura 9) tienen una conformacién espacial con un gran nimero de
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grupos hidroxilos orientados para formar una estructura de red, e impedir de esta forma, la
difusién del acido selenilico (H,Se03) formado en la reaccién. Ambos polisacéridos son capaces

de recubrir las NPs de Se dando lugar a dispersiones estables durante un largo periodo de

tiempo.78
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Figura 9. Estructura molecular de los polisacaridos CS (A) y ESS (B).

Varios estudios han demostrado la efectividad del CS a la hora de sintetizar NPs
biocompatibles, biodegradables y resistentes a ciertas enzimas. Las NPs de CS son excelentes
transportadores de compuestos terapéuticos como la quercetina, el clorhidrato de venlafaxina
y los oligonucledtidos.” En medio &cido, esta macromolécula adquiere carga positiva lo que
permite unirse a células cargadas negativamente, como las células cancerigenas. Se ha
demostrado que la conjugacidn de selenito o el grupo —SeO; a la molécula de CS promueve la
muerte celular de células de leucemia y sarcoma humanas.®’ Estudios recientes revelan que la
encapsulacion de algunos compuestos de Se (selenito y acido metilselenilico (MSeA)) en NPs
de CS, aumentan la retencidn de Se por parte de las células, y como consecuencia mejoran su
actividad antioxidante, y disminuyen la respuesta al dafio celular respecto a los compuestos de

Se libres.®!
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11.3.3. Efectos Biologicos de las Nanoparticulas de Selenio
Citotoxicidad

Como ya se ha comentado anteriormente, las funciones biolégicas del Se dependen
directamente de la forma quimica en la que se encuentre este elemento. Los compuestos de
Se orgdnicos e inorgdnicos pueden presentan diferentes propiedades antioxidantes y pro-
oxidantes, respectivamente. El cardcter quimiopreventivo de especies como la SeMet y

SeMetSeCys se ha estudiado en numerosas ocasiones, %%

sin embargo, no fue hasta hace
unos afios cuando comenzod a investigar el posible potencial biolégico del Se en forma de NPs.
Los primeros trabajos, publicados en el afio 2001, se centraron en la comparacién de la
actividad bioldgica de las NPs de Se con el Se(lV). Se evaluaron aspectos bioldgicos como la
proliferacién celular, los niveles de actividad enzimatica, y la proteccidon contra los radicales
libres de oxigeno involucrados en el dafo celular, fueron evaluados en células de
hepatocarcinoma humano HepG2 tras la su exposicibn a ambos compuestos. Las NPs
mostraron una mayor proteccién contra el dafio oxidativo.” Las propiedades de las NPs no
han sido Unicamente comparadas con la actividad de especies inorganicas, también se han
estudiado especies como la SeMetSeCys y SeMet, consideradas compuestos con propiedades
anticancerigenas, para profundizar en los posibles efectos quimiopreventivos de las NPs. En
comparacién con las especies organicas, las NPs de Se poseen la misma capacidad para
aumentar la actividad de enzimas como la GPx, Trx y glutationa S-transferasa presentando
una toxicidad reducida (evaluada mediante pardmetros como la dosis letal media, la toxicidad

a corto plazo, y el dafio a érganos).****

A pesar de que la actividad anticancerigena de las NPs
ha sido propuesta en varios estudios, el mecanismo a través de cual ejercen esta funcién
todavia no esta suficientemente claro. Unos autores presentan esta propiedad como resultado
de la inhibicidn de la proliferacion celular, modulacién del estado redox, estimulacién del
sistema inmune, e inhibicion de la angiogénesis (proceso fundamental en el crecimiento

tumoral).?*®8

Sin embargo, de entre todos los mecanismos propuestos, la apoptosis celular y
la activacion de las caspasas (enzimas criticas para la induccién de apoptosis) han sido los que

han recibido mas atencién por parte de los investigadores.®

Ademas de los prometedores beneficios bioldgicos de las NPs de Se, estos compuestos se
estdn empezando a considerar prometedores materiales en aplicaciones biomédicas.
Generalmente, las interacciones especificas entre ligando-receptor son una de las estrategias
mas utilizadas a la hora de disefiar sistemas de liberacidn de farmacos. Siguiendo esta linea, se

ha demostrado que las NPs pueden dirigirse especificamente y acumularse en células
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tumorales y cancerigenas tras conseguir su unién con moléculas diana. Esta conjugacién ha
sido extensamente empleada en imagen celular y en tratamientos anticancerigenos.”® A
continuacién se comentan brevemente varios estudios en los que las NPs de Se se han
combinado con moléculas de diversa naturaleza para distintas finalidades moleculares vy
bioldgicas. En el estudio llevado a cabo por Piy col., se funcionalizaron las NPs de Se con 4acido
folico (AF) (AF-NPs de Se) e internalizadas en células de cancer de mama MCF-7 a través del
mecanismo de endocitosis, mediado por un receptor de folato. Las AF-NPs de Se fueron
dirigidas a las mitocondrias y transportadas en vesiculas endociticas hacia el nucleo celular,
donde bloquearon el ciclo celular. Los resultados obtenidos de este estudio concluyen que las
AF-NPs de Se podrian servir como agentes terapéuticos y transportadores de farmacos a
érganos especificos en la terapia contra el cancer.’® El mecanismo de endocitosis también
ayudo a la penetracion de las NPs de Se funcionalizadas con 5-fluorouracil (5FU) (5FU-NPs de
Se) en células de melanoma humano A375. Uno de los efectos que se observd tras la
internalizacion de este complejo fue la induccién de apoptosis mediada por caspasas.’” En otro
trabajo, se selecciond la molécula energética adenosina trifosfato (ATP) para |la
funcionalizacion de las NPs (ATP-NPs de Se). Una de las razones de usar este compuesto es que
se encuentra en la mayoria de las células eucariotas. El ATP extracelular es un neurotransmisor
gue puede reconocer especificamente a un receptor de purina presente en varias células
cancerigenas.”® De este modo, las ATP-NPs de Se atraviesan la membrana celular facilmente
y por consiguiente se mejora su actividad anticancerigena, como se demostrd por la induccién
de apoptosis en células de hepatocarcinoma humano HepG2.® Tan y col. demostraron que los
conjugados formados entre la molécula organica adriamicina (ADM) y las NPs de Se (ADM-NPs
de Se) fueron capaces de inhibir la proliferacion celular de las células hepaticas tumorales
Bel7402 de una manera mas eficaz que ambos compuestos por separado.”’ Los polimeros y
polisacaridos, ademas de jugar un papel importante en la estabilizacién de las NPs, también
han sido empleados en su funcionalizacén. El polietilenglicol (PEG) es uno de los polimeros
biocompatibles mas usados en aplicaciones quimicas y bioldgicas.”®® Las NPs de Se
modificadas con el polisdcarido Undaria pinnatifida provocaron la apoptosis, de manera
dependiente a la concentracion, en diferentes lineas celulares cancerigenas (HepG2, A375, HK-
2, etc...).'® En algunas ocasiones se ha observado que la actividad anticarcinogénica ejercida
por las NPs de Se esta altamente influenciada por el agente estabilizante empleado en el
proceso de sintesis. Los ensayos citotdxicos llevados a cabo en células leucémicas HL-60
concluyeron que en ausencia del estabilizante BSA, las NPs de Se no presentaban las misma

actividad bioldgica que los conjugados BSA-NPs de Se frente a otros compuestos inorganicos
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de Se. La absorcion de la proteina sobre la superficie de las NPs fomentd la inhibicién del

crecimiento de las células tumorales y la desactivacién de radicales libres de oxigeno.”
Ecotoxicidad y Fitotoxicidad

Como se ha comentado al inicio de esta seccidn, el Se° estd muy presente en sedimentos.
Este hecho hace que sea necesario incluir a este compuesto de Se como una potencial fuente
de exposicion a la hora de evaluar los riesgos ecoldgicos. Ademas de la presencia natural de
Se’, los vertidos procedentes de actividades industriales tales como moliendas, extraccién de
carbdon y metales, y procesos petroquimicos pueden conllevar a la contaminacién en los
ecosistemas acudticos. La mayoria de autores han concluido que las NPs de Se pueden estar
disponibles para los organismos acudticos de manera directa, mediante exposicién en el medio

11 Todos estos

acudtico o ingestién, o de manera indirecta, tras la oxidacion de Se° a Se(IV).
motivos hacen que no soélo sea importante evaluar la toxicidad de las NPs de Se a nivel celular,
sino también determinar los riesgos ecoldgicos relacionados con su presencia en el medio

ambiente.

La mayoria de los ensayos focalizados en este sentido se basan en el estudio de la
biodisponibilidad, bioacumulacién y toxicidad presentada por las NPs en peces e
invertebrados. Sin embargo, en comparacion a otras formas de Se (SeMet, Se(VI) y Se(lV)), la
informacidn obtenida hasta el momento es escasa. Se ha demostrado que la toxicidad de las
NPs de Se puede variar de manera acentuada con respecto a otras especies de Se, por lo que
sus efectos bioldgicos deben ser evaluados en cada caso. Se han evaluado El los efectos de la
NPs de Se en comparacion a los producidos por la especie organica SeMet en larvas de
mosquito (Chironomus dilutu). La exposicion a las NPs dio lugar a una mayor inhibicidn del

crecimiento de las larvas.®

De la misma forma, también se han comparado sus efectos en el
pez Medaka con los derivados tras la exposicién con Se(lV). Con ambas formas de Se se
observé un aumento en la concentracién de este elemento en diferentes tejidos, sin embargo
la capacidad de acumulacidon de las NPs fue mayor en ciertos 6rganos, como el higado,

mostrando de esta forma una mayor toxicidad e induciendo al estrés oxidativo.'®

La acumulacién de NPs de Se y sus efectos biolégicos en plantas apenas se han estudiados.
En la mayoria de los estudios, las cuestiones planteadas son: si las plantas son capaces de
acumular las NPs, y si las respuestas observadas, en términos de crecimiento y morfogénesis,
son diferentes a los efectos producidos por otras especies presentes en el medio ambiente y

103

generalmente empleadas en procesos de biofortificacion (Se(VI) y/o Se(IV)).” Golubkina y col.

realizaron un estudio comparativo sobre la acumulacién de Se en especies de la familia Allium
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(cebollas, ajos, puerros) tras la aplicacion foliar de NPs de Se, Na,SeO, y Na,SeO;. Debido a
gue los microorganismos presentes en el suelo participan activamente en el metabolismo del
Se (unos son capaces de reducir los iones Se** y Se® a Se% ' mientras que otros se encargan
de oxidar de nuevo estas NPs a estados de oxidacion mas elevados,’® la aplicacion foliar evitd
cualquier tipo de alteracidn en la bioacumulacién de las NPs. La baja capacidad de las NPs para
transformarse en otras especies organicas de Se se reflejé en su baja actividad metabdlica y en
su significante absorcién por los diferentes componentes de la planta. Los resultados
propuestos por estos autores abrieron el camino en los estudios de acumulacién y capacidad

1% En estos trabajos se pone de

de migraciéon de las NPs de Se en plantas acumuladoras de Se.
manifiesto que la captacidon de las NPs por parte de las plantas esta favorecida por las
particularidades que presenta la epidermis de las hojas (tubos, cuticula, tricromas y estigma).
Sin embargo, las NPs no solamente pueden penetrar al interior de la planta a través de las
hojas, sino mediante microporos.” Ademds, también ha sido planteada la posibilidad de
biofortificaciéon de la especie Heliantus Tuberosus (tubérculo comestible) con NPs de Se

mediante aplicacién foliar.'®®

Los resultados obtenidos de otros trabajos, en los que se
compara el efecto de las NPs de Se con el Se(VI) tras ser adicionados al medio de cultivo,
demostraron que las NPs de Se fueron capaces de aumentar la germinacién de las semillas y

estimular la organogénesis de varias plantas muy utilizadas en agricultura.’®'*

11.4. Nanoparticulas de Diéxido de Titanio

Los minerales mas importantes de titanio (Ti), son rutilo, brookita, anatasa (las tres en
forma de TiO,), ilmenita (FeTiO;) y titanita (CaTiSiOs). Depdsitos naturales de este metal se
encuentran por todo el mundo (Australia, Canada, Africa, Norte América, Noruega...). Prueba
de esto es su elevada produccién mundial: 90000 toneladas/afio para el Ti metdlico, y 4.3
millones toneladas/afio para el didxido de titanio (TiO,).

En la naturaleza, el Ti se encuentra mayoritariamente en la corteza terrestre
(aproximadamente 4400 pppm, el Ti es el noveno elemento mas abundante), seguido de
suelos (en un intervalo entre 0.02-2.40%), agua de mar (aprox. 1 ppb) y por ultimo en la
atmosfera a nivel de trazas. Exiten 5 isotopos estables de Ti presentes en la naturaleza (**Ti
74%, *°Ti 8%, “'Ti 7.5%, **Ti 5.5%, *°Ti 5%), ninguno de ellos es radiactivo.™™

El Ti metdlico es un compuesto sdlido que puede encontrarse en cuatro grados (definidos
segun su contenido en oxigeno): grado 1, 0.18%; grado 2, 0.25%; grado 3, 0.35%; y grado 4,

0.40%. Presenta una baja conductividad eléctrica y térmica, ademas de una baja elasticidad.
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Esta propiedad hace que se convierta en un material fragil cuando es expuesto a hidrogeno en
estado gaseoso. A pesar de esto, su uso esta incrementandose por sus multiples beneficios:
mantenimiento de sus propiedades a altas temperaturas, una excelente relacién fuerza/masa
(lo que lo convierte en el metal preferido para turbinas de gas), y su alta tendencia a unirse a
otros metales. Una de las caracteristicas mas importantes que presenta el Ti metalico es su
resistencia a las condiciones mas extremas gracias a la capa impermeable de TiO, que se forma
sobre su superficie. Esta capa protectora puede resistir a la mayoria de los ataques quimicos, e
incluso cuando se dafa posee la capacidad de regenerarse. La capa de TiO, le confiere
resistencia a la accién corrosiva del agua del mar por lo que es muy utilizado en la fabricaciéon
de submarinos, plataformas petroliferas, y en las hélices y otras partes de los barcos. El Ti
metdlico es un material ideal para aplicaciones de transferencia de calor, en las que el
refrigerante sea el agua de mar o aguas residuales. También se utiliza en la construccién de
edificios (Museo Guggenheim en Bilbao 6 en la estacion de tren de Hong Kong) y en plantas de
produccién quimica, donde el empleo de acidos corrosivos es frecuente. Los electrodos de Ti
recubiertos con metales preciosos son usados en la produccidon de cloro, en procesos de
galvanizacion y aplicaciones similares.'™

El Ti también se puede encontrar en forma de éxido: TiO, Ti,0;, siendo el TiO, el
compuesto mas estable. . La industria del TiO, comenzé en los afios 30, cuando los fabricantes
de pinturas decidieron buscar un sustituyente para el plomo blanco (considerado venenoso).
Estos encontraron que el TiO, presentaba excelentes propiedades para recubrimiento, no era
toéxico, y tenia altos indices de refraccién, lo que le confiere un color blanco brillante,

110

caracteristico de algunos instrumentos domésticos (neveras, lavadoras).” La Figura 10

muestra una division de los diferentes sectores en los que se utiliza el TiO,

Papeles, fibras, ceramica,
alimentos, cosmética...

pinturas

plasticos

Figura 10. Mas de la mitad de la produccién mundial de TiO2
es destinada a pinturas, un cuarto a plasticos y el resto a
papeles, fibras, ceramicas, colorantes alimenticios,
esmaltes, etc...
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El TiO, puede encontrarse en tres formas cristalinas diferentes: anatasa, rutilo y brookita.
El tamafio y forma de las particulas de TiO, influyen en sus propiedades funcionales, area
superficial especifica, nimero de defectos superficiales, temperatura a la cual se produce la
transicion de fases y estabilidad de las diferentes fases.'*' Ademas sus propiedades 6pticas y
cataliticas también dependen de la fase cristalina, tamafio y porosidad.’** Cuando los cristales
de TiO, presentan un tamafio inferior a 10 nm, se encuentran generalmente en forma anatasa,
mientras que los cristales de mayor tamafio pueden encontrarse en las formas anatasa, rutilo,

113

o como mezcla de ambos.” > La forma anatasa presenta una actividad fotocatalitica mayor que

114

las otras fases de TiO,.”" Termodindmicamente es mas estable que el rutilo a tamafios

menores de 14 nm. >

Ademas del Ti metdlico y los diferentes dxidos de Ti, existen otros compuestos comerciales
como el carburo de Ti (TiC). Este es el material metalico mas fuerte después del tungnesto de
carbono. El alto contenido en oxigeno lo hace relativamente fragil por lo que se suele utilizar

con otros carbonos, de tugnesto, tantalo y niobio.™°

11.4.1. Aplicaciones de las Nanoparticulas de Dioxido de Titanio

El TiO, a escala nanométrica ha captado la atencidén de la comunidad cientifica debido a su
presencia en un amplio rango de aplicaciones, incluyendo: fotocatdlisis (biosensores y placas

solares),™"%°

microelectrénica, ingenieria quimica, sistemas Opticos, produccidon de
colorantes, materiales ceramicos, cosméticos, sensores, sintesis de peliculas de recubrimiento
mesoporosas, catélisis en procesos de descontaminacién medioambiental y en medicina.'*

Las microparticulas de TiO, reflectan la luz visible y UV, sin embargo, a escala nanométrica,
el TiO, posee la capacidad de dejar pasar la luz visible y bloquear o reflectar la radiacién UV.

122 En la

Esta propiedad las convierte en un componente esencial de las cremas solares.
actualidad, la mayoria de los protectores solares contienen agentes bloqueantes (como TiO, y
Zn0) que o bien reflectan la radicacién UV, o atrapan los fotones procedentes de la radiacion
en su estructura cristalina. Con el objetivo de disminuir la opacidad de estas cremas, los
fabricantes han ido disminuyendo el tamafio de las particulas hasta la escala nanométrica.
Debido a su mayor fotoactividad, la anatasa tiende a la formacién de radicales libres. Este es el
motivo principal por el cual se prefiere utilizar rutilo en las formulaciones de las cremas

12
solares.'?

Con el objetivo de evitar la formacion de especies reactivas de oxigeno tras la
irradiaciéon UV, algunos fabricantes han recubierto las NPs de TiO, con materiales no

. .pe . . . . s . 122 . .7
semiconductores como silica o zirconio, otros con materiales hidrofébicos.” La introduccion
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de estas NPs en productos de consumo ha llevado al planteamiento de algunas cuestiones
relacionadas con la salud humana, como la capacidad de penetracidon de las NPs a través de la
piel.”**'?* En 2006, la Administracién de comida y medicamentos (FDA, Food and Drug
Administration) recibié una peticién por parte de los consumidores respecto al uso de
nanomateriales en ciertos productos de consumo humano, incluidas las cremas de proteccién
solar: los fabricantes debian informar de la presencia de NPs en sus productos. Como
consecuencia de esto, la FDA implantd una normativa respecto a la cantidad permitida de NPs
de Ti0,."*° El limite establecido es el 25% en peso, cantidad segura y eficaz para la proteccion.

Sin embargo, respecto al tamafio de particula no existe ninguna normativa.

1.4.2. Reactividad de las Nanoparticulas de Didxido de Titanio: Métodos de Sintesis y

Estabilizacidn de las Dispersiones

El grado de agregacién de las NPs de TiO, depende de muchos factores, y esta directamente
controlado por las condiciones empleadas en el proceso de sintesis. Variando la temperatura,
el tiempo de sintesis y el pH del medio se pueden obtener NPs de distinto tamafio y

composicién de fases.'”’

El método sol-gel ha ganado importancia desde el punto de vista del desarrollo de la
nanotecnologia ya que permite la sintesis de particulas de TiO, con propiedades y estructuras
determinadas. En un tipico proceso basado en sol-gel, una suspension coloidal, llamada sol, se
forma a partir de reacciones de hidrdlisis y polimerizacidn de precursores, que suelen ser sales

metdlicas inorganicas o compuestos organicos metalicos como alcaléxidos."®

Los alcaloxidos de titanio o el tetracloruro de titanio (TiCl,) suelen ser usados como
precursores en este método. En este tipo de sintesis se suelen utilizar disolventes organicos y
altas temperaturas. El resultado son dispersiones coloidales de diferente tamafio y estabilidad.
El disolvente organico es el encargado de regular el tamafio de particula.”®® Chen y col.
demostraron que el complejo formado entre la acetilacetona y el tetraisopropoxido de titanio
(Ti(OPr'),) favorecié la dispersion de las particulas y a una disminucién de su tamafio, en

., . ;. . 1
comparacioén con otros disolventes organicos como el tolueno o hexano (Figura 11).**

84



Introduccion. Nanoparticulas Inorganicas

Figura 11. Imagenes SEM de las NPs de TiO2 sintetizadas a partir de la reaccién entre el Ti(OPri)4y la acetilacetona, y
en presencia de diferentes disolventes organicos: acetona (a), butanol (b), tolueno (c) y hexano (d).

El efecto de la temperatura tiene una influencia directa sobre la estructura final de las NPs.
Empleando Ti(OPr'),, las temperaturas bajas facilitaron la formacion de NPs en fase anatasa
entre 10 y 20 nm."™®* NPs de TiO, mesoporosas fueron preparadas mediante la hidrolisis de
Ti(OPr'), en etanol:agua asistida por ultrasonidos. Tras el secado de los productos de hidrdlisis,
los datos de XRD indicaron la presencia de particulas en diferentes fases (anatasa, brookita,
mezcla antasa/brookita y particulas amorfas). El incremento de la temperatura de calcinacion

132

provoco cambios en la composicién de fases de los productos.™ En este tipo de sintesis, el pH

también ejerce una influencia directa sobre la morfologia de las NPs. En este sentido, las NPs
preparadas a partir de Ti(OPr'), en condiciones acidas fueron las Unicas que adquirieron forma

133

esférica.”® La sintesis de NPs de TiO, a partir de Ti(OPr'), también ha sido llevada a cabo en

presencia del péptido poli-L-lisina (PLL). En este caso el péptido no sirvid solo como agente
dispersante sino para definir la estructura final de las NPs, en forma tubular (Figura 12)."**
Materiales basados en NPs de TiO, con estructura tubular son aplicados con éxito en medicina,

biotecnologia, microelectrdnica, éptica, etc...

Figura 12. Imagenes SEM de NPs de TiO2 con estructura tubular sintetizadas a
partir de poli-L-lisina
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TiO, NPs de diferentes formas (esférica, cubicas, y barras hexagonales) y tamafios (50-500
nm) fueron preparadas a partir de tetrabutoxido de titanio Ti(OBu"), como agente
precursor.135 La naturaleza del acido empleado (HCI, HNOs, H,SO,4, H5PO,), concentracion vy el
tiempo de hidrélisis, tuvieron una gran influencia sobre la fase cristalina, morfologia y tamafio
de dichas particulas.” El TiCl, es otro de los precursores mas utilizados.®”**® NPs de TiO,
fueron sintetizadas mediante hidrélisis de TiCl, en medio acido en presencia/ausencia de
poli(etilenglicol) (PEG-1000), utilizado como estabilizante para controlar la forma y tamafio de

las NPs. En presencia de PEG-1000 la distribucidon de tamafios fue muy estrecha.'*

Ademas de los alcaloxidos de Ti y TiCl, mencionados anteriormente, existe otro agente
precursor empleado generalmente en la sintesis de nanocristales de anatasa, llamado
dihidroxo-bis(lactato de amonio) de titanio (IV).'*° Este compuesto comenzd a utilizarse en la
sintesis de NPs de TiO, que posteriormente se aplicaban en la fabricacion de electrodos

192 Este

utilizados en medicina'* y produccién de peliculas protectoras a la radiacién UV.
compuesto presenta la peculiaridad de hidrolizarse mas lentamente que los alcaloxidos, lo que
hace posible la sintesis de NPs con una distribucién de tamafios mas estrecha, y de forma

achatada, especialmente importante para la fabricacion de peliculas de TiO,.

A pesar de la eficacia del método sol-gel, la gran tendencia que presentan las NPs
sintetizadas a formar agregados durante la etapa de sintesis y almacenado supone un grave
problema, ya que en la mayoria de ocasiones, la agregacion viene acompafiada de variaciones
en la composicidon de las fases. En principio los agentes estabilizantes ejercen su funcidn
mediante diferentes mecanismos: formacion de complejos NP inorganica-recubrimiento

129130 5 como resultado de un balance entre

superficial organico (estabilizacién estérica),
fuerzas repulsivas y atractivas dando lugar a un disminucidn en la velocidad de sedimentacion
(estabilizacion electrostatica).’”® En la estabilizacion electrostatica (basada en la teoria de
DLVO, que combina la fuerza de van der Waals y la repulsion electrostatica), el potencial zeta
de las particulas juega un papel importante. En la practica, si el potencial es mayor a 30mV o

menor que -30 mV la dispersidn es estable. Este potencial depende en gran medida del pH y de

.z . . .z 1
la concentracién de electrolitos en la dispersion.***

A pH y concentracion de sales fisioldgicas, el potencial zeta no es suficiente para estabilizar
las dispersiones. Por lo tanto, entra en juego la estabilizacidn estérica, en la que un agente
estabilizador es adicionado a la dispersidn. Este estabilizante se une a la superficie de la NP y
de esta forma se previene la interaccién entre NPs. Es importante estudiar la relacidn

concentracion estabilizante/NPs ya que podria darse el caso en el que la cantidad de
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estabilizante en el medio no sea suficiente para recubrir las NPs y su efecto sea
despreciable."*® Generalmente, los agentes estabilizantes son de naturaleza organica como:
acetilacetona, dietanolamina, acido poliacrilico, metilcelulosa, hidroxipropilcelulosa, poli(etilen

glicol), etc...'*

Dentro de los mecanismos basados en el recubrimiento de las NPs, los acidos
carboxilicos son muy utilizados. Estas moléculas actian como ligandos especificos debido a su
elevada capacidad para modificar de la superficie de las NPs.**’ Dentro de los &cidos
carboxilicos, el acido citrico se usa frecuentemente en la sintesis de NPs de distinta naturaleza
quimica, ejerciendo un control sobre el tamafio de éstas como sobre su morfologia. Este
compuesto esta muy presente en la naturaleza y puede encontrarse en varias formas (HCit,
H,Cit’, HCit, y Cit;’) dependiendo del pH del medio. En el estudio llevado a cabo por Imaliy su
grupo de investigacion, se demostré que el acido citrico podia modificar el comportamiento de
agregacion de las NPs de TiO, alterando su carga superficial. La adsorcién de acido citrico sobre
la superficie de las NPs (en fase anatasa) dependia fuertemente del pH (en el intervalo de 2.0 a
7.5), disminuyendo el recubrimiento a medida que se alcanzaban valores de pH mas elevados.

La adsorcidén era irreversible, lo que indicd la existencia de una fuerte coordinacién entre las

moléculas de &cido v la superficie de las NPs.'*®

Se conoce que las NPs en soluciones fisiologicas tienden a aglomerarse y muestran

diferentes efectos bioldgicos con respecto a las NPs dispersas. >

A la hora de investigar los
efectos de las NPs de TiO, in vitro, no sélo es necesaria la seleccién de una metodologia de
ultrasonidos adecuada, sino la optimizacién de agentes dispersivos efectivos para evitar la
agregacion de NPs en los medios de cultivo. En este sentido, varios estabilizantes como
albumina de suero humano (HSA), de suero bovino (BSA), de suero de ratén (MSA), el

surfactante Tween 80, han sido adicionados.**

La agregacion de NPs es también un factor importante a la hora de evaluar su transporte y
destino en el medio ambiente. Un estabilizante muy utilizado en estudios con fines medio
ambientales y ecotoxicoldgicos son las sustancia humicas. Los acidos fulvicos, cuya presencia
es muy abundante en sistemas acuaticos, juegan un papel critico en los mecanismos de
agregacion de las NPs de TiO,. Estos acidos modifican significativamente las propiedades
superficiales de las NPs (carga eléctrica y naturaleza quimica de los sitios activos de superficie)

~ 152
y su tamano. >

Existen una gran variedad de aminas con interesantes propiedades bioldgicas y quimicas
que se pueden unir a la superficie de las NPs de TiO, dando lugar a NPs con diferente

funcionalidad. Sin embargo la afinidad entre el grupo amino y las NPs puede verse alterada
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por el medio acuoso o la presencia de agentes surfactantes utilizados en el medio de

sintesis. >

Por ejemplo, la reaccion entre el polimero poli(1,4-butanodiol) y el TiCl, dio lugar
a la formacién de nanocristales coloidales con una capa de polimero y varios sitios dcidos. Esta
guimica favorecié la capacidad para reaccionar con las moléculas de polianilina. Este material
mostrd interesantes propiedades 6pticas.” Las NPs de TiO, también presentan una elevada
afinidad por compuestos organicos aromaticos, como la alizarina roja S (ARS, alizarin red S).
Este derivado de la antraquinona es capaz de modificar la superficie de las NPs y formar
conjugados ARS-NPs de TiO2 que presentan una banda de absorcién caracteristica en el
espectro UV (entre 400 y 550 nm). La sintesis de estos nano-conjugados resulté de gran

utilidad para demostrar que las NPs de TiO2 eran capaces de penetrar en células vegetales y

acumularse en diferentes organulos sub-celulares.™®

11.4.3. Efectos Bioldgicos de las Nanoparticulas de Didxido de Titanio
Citotoxicidad

Como en la mayoria de los estudios realizados in vitro e in vivo, se ha observado que la
respuesta celular se encuentra afectada de una manera dependiente a la concentracién de las
NPs de TiO, y tiempo de exposicién empleados en un determinado ensayo. Las NPs de TiO, son
capaces de penetrar en el interior celular y desencadenar diferentes respuestas celulares
como: produccidon de ROS, modificaciones de microfilamentos y microtubulos presentes en el

157-159

citoesqueleto, e incluso inducir a la apoptosis. Los resultados obtenidos por varios

autores han concluido que los efectos toxicolégicos de las NPs de TiO, en cualquier linea

célular pueden simplificarse en 6 eventos, recogidos en la Figura 13.

ROS Membrance

Figura 13. En primer lugar, la formacién de ROS podria ser el factor clave que desencadene los sucesivos
mecanismos. Estas especies afectan a la integridad de la membrana plasmatica mediante peroxidacion lipidica,
permitiendo la penetracién de las NPs. La localizacidn de las NPs de TiO, en el interior celular puede alterar diversas
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funciones, ya que unidades subcelulares como lisosomas, reticulo endoplasmatico, y nucleo se encuentran

afectadas. Es importante resaltar, que el dafio celular resultante de cualquiera de estos mecanismos implicados
. . . . 48

puede conllevar a la apoptosis o interferir en cualquiera de los procesos celulares provocando la muerte celular.

En el caso de este tipo de NPs, la interaccion NPs-células puede resultar mas dificil de
evaluar y entender debido a la influencia de sus propiedades superficiales. Ademads de la
concentracién, tamafio de NPs y tiempo de exposicidn, dependiendo de la fase cristalina en la
gue se encuentren (anatasa, rutilo o combinacién de ambas), las NPs de TiO, pueden llegar a
mostrar diferente efectos tdxicos. En este sentido, muchos autores han llevado a cabo
estudios en los que el objetivo principal ha sido evaluar la influencia de la estructura de las NPs
sobre determinadas respuestas bioldgicas. La fase estructural en la cual se encuentren las NPs
estd directamente relacionada con su reactividad quimica. Las propiedades fotocataliticas de
varios tipos de NPs de TiO, (anatasa, rutilo y combinacidon de ambas) fueron estudiadas sobre
diferentes indices de citotoxicidad en fibroblastos de piel humanos y células epiteliales de
pulmén. Las NPs en fase anatasa (consideradas mas fotoactivas) mostraron una mayor
citotoxicidad y unos indices de inflamacidn mds elevados que el resto de NPs. En concreto,
este estudio demostré que bajo las mismas condiciones experimentales, las NPs en fase

anatasa fueron 100 veces mas tdxicas que las NPs en fase rutilo.*

Allouni y col., también evaluaron el grado de captacion de las NPs por parte de las células
de fibroblastos, no solamente en funcién de la dosis suministrada, sino en funciéon de sus
propiedades fisico-quimicas. Se observé que los aglomerados de NPs se encontraban tanto
adheridos a la membrana plasmatica como en el interior de las células (citoplasma y dentro de
vesiculas citoplasmaticas). En esta investigacidn se recogid una vision general de cdmo afecta
la dosis, tamaiio y estructura de las NPs al grado de interaccion con las células. Como era de
esperar, la asociacion de las NPs a las células, y por consiguiente sus efectos biolédgicos, fueron
mas acentuados a medida que la dosis aumentaba y el tamafio de NPs era menor (mayor
acumulacidon de NPs en fase anatasa de 5 nm, seguido de 10 nm y 40 nm). Sin embargo, la
variable que marcé de forma acentuada el grado de asociacion fue la estructura. La mayor
asociacion se observod para las NPs esféricas compuestas por las fases anatasa y rutilo, y la
menor para las NPs en fase rutilo con forma de aguja. Los grandes aglomerados de NPs con
estructura anatasa/rutilo desencadenaron una serie de procesos entre los que se encuentra
involucrada la modificacidn de los filamentos de actina (esenciales para funciones celulares

. ape .7 7 PR 1
tan importantes como la movilidad y la contraccién de la célula durante la divisién celular).*®
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Siguiendo los resultado obtenidos en este estudio, muchos autores han demostrado que las
NPs de TiO, en la forma cristalina anatasa son biolégicamente mas activas que en fase rutilo,

en términos de citotoxicidad. ¢

Por el contrario, otros autores han concluido que las NPs con
estructura anatasa/rutilo poseen una mayor capacidad para inducir a la citotoxicidad, estrés
oxidativo y daiio al ADN celular en las células intestinales humanas Caco-2, en comparacion a
las NPs.”” Por lo tanto, se puede concluir que son necesarios mas conocimientos que nos
permitan profundizar en la interaccidon y mecanismos del dafio celular inducido por las NPs de

TiO,.

Otra cuestion importante a la hora de establecer los efectos de las NPs es la validacion de
los ensayos llevados a cabo in vitro mediante experimentos in vivo. Al igual que en los ensayos
realizados en diferentes lineas celulares, los experimentos llevados a cabo en ratones tras el
suministro oral de NPs y MPs de TiO, mostraron que las particulas a escala nanométrica fueron
las mas téxicas debido a la capacidad de entrar mas rapidamente en el epitelio celular y
dirigirse a un espacio subepitelial.'®> Por otro lado, Han y col. corroboraron que todas las
variables afectadas tras la instilacién intratraqueal de NPs a ratas estaban directa o
indirectamente relacionadas con el estrés oxidativo, principal efecto observado tras el
tratamiento de células epiteliales alveolares.'®® Sin embargo, los estudios realizados in vivo
siguen siendo escasos, por lo que los mecanismos involucrados en la genotoxicidad de las NPs

de TiO, no han sido completamente elucidados.

Dentro de los estudios enfocados a elucidar los riesgos derivados de la exposicidn a las NPs
de TiO,, es importante hacer una mencion especial a las investigaciones realizadas sobre los
posibles efectos de las NPs introducidas en productos cosméticos y cremas solares.
Cuestiones sobre la acumulacién de las NPs, penetracién de éstas a través de la piel y su
consiguiente transporte a diferentes compartimentos celulares, son planteadas con
frecuencia. Hasta el momento, todos los resultados a los que se ha tenido acceso, incluyendo
estudios realizados en humanos, demuestran que las NPs de TiO, presentes en las cremas
solares no son capaces de atravesar la piel, incluso en aquellos casos en los que la piel se

encuentra dafiada.'®***’

Estos resultados han sido confirmados por investigaciones exhaustivas
realizadas en 7 universidades Europeas, dentro del proyecto EU Nanodrem, en las que se han
empleado las técnicas mas actuales y adecuadas para evaluar el grado de penetracién de las
NPs de TiO,. El estudio realizado por Sadrieh y col. utilizando diferentes tipos de NPs de TiO,
(en el rango de los nandmetros a los micrémetros, y recubiertas por el copolimero

dimeticona/meticona (silicona muy utilizada en la industria de la cosmética) mostré un

elevado contenido de Ti en diferentes secciones de la piel animal, pero una insignificante
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penetracién de NPs a capas mas profundas de la epidermis.’* En otro estudio se evalud la
penetracion de NPs de TiO, de distinta naturaleza quimica (hidrofilicas, hidrofdbicas
(recubiertas con trimetiloctilsilano), y anfoliticas (recubiertas con Al,O; y SiO,)). En ningln
caso se encontrd penetracion, todas las particulas se localizaron en la superficie.'®® Bennat y
Miiller-Goymann sugirieron que los foliculos capilares podrian actuar como ruta de
penetracidn hacia las primeras capas de la epidermis, y que el medio en el que se encuentran
suspendidas las NPs (aceite 6 emulsion aceite/agua) también afectaba directamente a su
capacidad de penetracion.'®® El papel de los foliculos capilares en la penetracién de las NPs

también ha sido comentado en otros estudios.*”°

Ecotoxicidad y Fitotoxicidad

Datos de ecotoxicidad sobre el efecto de las NPs son siempre necesarios para comprender
los riesgos medio ambientales asociados a su presencia. En especial para el caso de las NPs de
TiO,, ya que el pequefio tamafio de éstas, su elevada movilidad y su alta reactividad fomentan
la capacidad para liberarse en el medio ambiente. Para entender el comportamiento,
transporte y destino de las NPs de TiO, en sistemas acudticos es esencial conocer sus
interacciones con los diferentes componentes presentes en las aguas naturales y su

132 piferentes tests

comportamiento bajo un amplio rango de condiciones fisico-quimicas.
ecotoxicolégicos han sido llevados a cabo para evaluar el impacto de las NPs sobre los

ecosistemas acuaticos y terrestres.!’!

Los ensayos llevados a cabo en el crustaceo Porcellio scaber (cochinilla de hiumedad)
proporcionaron datos sobre actividad enzimatica, asimilacidn, crecimiento y mortalidad de la
especie. Las enzimas investigadas (catalasa (CAT) y glutationa-S-transferasa (GST)), estaban
directamente involucradas en la defensa antioxidante contra la formacién de ROS. En este
trabajo, el tiempo de exposicidn fue la variable que marcé notablemente la diferencia entre los
efectos observados tras el tratamiento con las NPs. La asimilacién de NPs se vio favorecida por
tiempos largos, incluso para concentraciones bajas. Este hecho se tradujo en un mayor
potencial de sus efectos adversos a largo plazo. Este estudio sirve de ejemplo para justificar la
importancia de desarrollar estudios que nos permitan conocer tanto los efectos
desencadenados a largo plazo tras la exposién de las NPs, como las dindmicas que controlan el
crecimiento de las poblaciones.’? La capacidad fotocatalitica de las NPs de TiO, para producir
172-175

ROS también debe ser considerada a la hora de evaluar sus riesgos medio ambientales.

Un aumento de la produccion de ROS y de sus consiguientes efectos toxicos fue observado en

91



Introduccion. Nanoparticulas Inorganicas

varias especies de fitoplacton tras su exposicion a NPs de TiO, y bajo el estimulo de la
radiaciéon UV. Estos datos fueron relevantes desde el punto de vista ecotoxicoldgico ya que
mostraron una disminucion de la resistencia de los ecosistemas marinos.*’® Los efectos toxicos
observados tras la exposicidn de la especie Daphnia magna (pulgas de agua) a una dieta diaria
basada en algas contaminadas con NPs de TIO,, demostraron la capacidad de acumulacién de
las NPs en el tracto digestivo y la diferente biodisponibilidad de las NPs en funcién del tiempo

que estaban presentes en el medio ambiente.'”’

La mayoria de los estudios en plantas han demostrado que las NPs de TiO, son capaces de
acumularse en diferentes tejidos vegetales. En el caso de Arabidopsis thaliana, las NPs
penetraron en las células vegetales y se acumularon en organulos subcelulares especificos.'®
En la planta de maiz se acumularon en las células de la epidermis de las raices, pero no se
detectaron en el sistema vascular, a través del cual suelen ser transportadas.’’ En la planta de
trigo se observo que Unicamente las NPs de menos tamarfo (en el intervalo de 14 a 655 nm)
fueron capaces de acumularse en las raices y distribuirse a través de los tejidos de la planta sin
disolucién o modificacion de su fase cristalina. Los resultados mostraron un impacto moderado

7% Como se ha comentado

de las NPs en la biomasa y actividad fotosintética de la plantas.
anteriormente, ademas de evaluar la acumulacién y los mecanismos de transporte, es
importante profundizar en los procesos de biotransformacion. En el caso de las NPs de TiO,, no

se han encontrado evidencias de que éstas puedan ser transformadas a otros compuestos.'*

I1.5. Metodologias Analiticas Empleadas en el Andlisis Cualitativo y Cuantitativo de

las Nanoparticulas Inorganicas
11.5.1. Andlisis Cualitativo: Caracterizacidn y Deteccion de NPs

La nanotecnologia ha sufrido un rapido crecimiento en la industria, y a pesar de que cada
vez son mas numerosos los productos que contienen NPs, los conocimientos adquiridos sobre
la incidencia, destino y toxicidad de las mismas son escasos. Esta falta de informacién es
generalmente debida a la limitada disponibilidad de métodos analiticos adecuados para la
deteccidon y caracterizacion de NPs. Las metodologias y técnicas analiticas empleadas deben
ser robustas y capaces de proporcionar, por un lado una descripcién detallada de las NPs (en
términos de tamafio, morforlogia, y estructura quimica) y por otro lado, una informacién

analitica completa (en términos de composicidon elemental y concentracién).
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A continuacién se ofrece una visidn general de las diferentes técnicas disponibles para la
caracterizacion, deteccion y cuantificacion de NPs inorgdnicas en diferentes matrices. Entre
ellas cabe destacar: la microscopia, espectroscopia, técnicas de separacién como la

centrifugacion y filtracion, cromatografia, y otras técnicas relacionadas.
Microscopia Electronica

Los métodos microscopicos son los mds demandados para determinar el estado de agregacion,
dispersion, tamafio, estructura y forma de las NPs. Las técnicas de microscopia electrénica mas
utilizadas son la microscopia electrénica de barrido (SEM, Scanning Electron Microscopy) y de

transmision (TEM, Transmision Electron Microscopy).

En SEM los electrones son dispersados y detectados en la superficie de la muestra
proporcionando una visién superficial de la morfologia de las NPs, mientras que en TEM los
electrones son transmitidos a través de un espécimen (muestra) (por lo tanto el espécimen
tiene que ser muy fino para obtener la imagen) haciendo posible el analisis de NPs localizadas

en su interior.*®

Entre las ventajas que ofrece la microscopia electrénica se encuentra la posibilidad de
poder acoplarse a técnicas analiticas (mayoritariamente espectroscdpicas) para proporcionar
informacidn de la composicion elemental, conocido como microscopia electrénica analitica
(AEM, Analytical Electron Microscopy). En este sentido, la espectroscopia de rayos X (EDS,
Energy Dispersive Spectroscopy) puede combinarse con SEM y TEM ya que permite una clara
identificacién de elementos mas pesados que el oxigeno, con un 20% de error. Otras técnicas
empleadas en el analisis elemental son la espectroscopia de pérdida de energia electrdnica
(EELS, electron energy-loss spectroscopy) y la difraccion electronica en area seleccionada
(SAED, selected-area electron diffraction). La primera proporciona un error cuantitativo
menor que EDS (aproximadamente el 10%), mientras que la segunda proporciona informacion

de la estructura cristalina de las particulas.'®

Con el objetivo de monitorizar NPs y coloides en sus condiciones mas naturales, como por
ejemplo en medios acudticos, se ha desarrollado la técnica de microscopia electrénica de
barrido medio ambiental (ESEM, Environmental Scanning Electron Microscopy). Sin embargo,
la ventaja de poder analizar las muestras en su estado natural se puede convertir en un
inconveniente ya que la interpretacion de los datos puede resultar mas compleja. Muchos

autores proponen esta técnica como herramienta complementaria a otros métodos.**#*
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Dentro de las técnicas microscopicas se encuentra la microscopia con laser confocal (CLM,
Confocal Laser Microscopy) (electrénica y de barrido). Mediante el uso de CLM de barrido se
pueden obtener resoluciones de hasta 200 nm, y una localizacién precisa de objetos
fluorescentes muy finos. Sin embargo, en este tipo de microscopia la difraccién de la luz es el
factor limitante. La CLM ha sido aplicada para la caracterizaciéon de coloides y ademas, se ha
combinado con la espectroscopia de correlacion de fluorescencia (FCS, Fluorescente

Correlation Spectroscopy) para caracterizar especies fluorescentes en sistemas complejos.184

A pesar de las ventajas que ofrece la microscopia electrdnica, ésta es una técnica
destructiva, lo que significa que la muestra no puede ser examinada varias veces o por otro
método de validacidn. Ademas, la cantidad de muestra analizada es minima, lo que se traduce
en grandes desviaciones en el andlisis estadistico de los resultados (el tamafio de particula
medio y su distribucién depende directamente del nimero de particulas medidas). Otra
limitacion es la que supone la condicién de vacio para llevar a cabo los andlisis. Esto implica
gue muestras liquidas no se pueden introducir en los equipos siendo necesarios pasos de
deshidratacién e inclusién en resinas, y como consecuencia pueden producirse alteraciones en
las muestras.*® Estos inconvenientes pueden ser solventados empleando herramientas
alternativas como la microscopia de rayos X (XRM, X-ray Microscopy). Esta técnica puede ser
empleada para muestras en estado acuoso sin la necesidad de una preparacidon previa,

18 | a visualizacion de

obteniéndose una buena resolucion espacial (por debajo de los 30 nm).
NPs bajo condiciones liquidas también es posible con la microscopia de fuerza iénica (AFM,
Atomic Force Microscopy). Con esta técnica se pueden obtener perfiles superficiales en 3D con
una resolucién de aproximadamente de 0.5 nm. A pesar de las ventajas que supone operar
bajo condiciones ambiente y poder analizar las NPs en muestras en estado liquido, se plantean
algunas cuenstiones. La primera es la falta de conocimiento sobre si la visualizacién bajo
humedad o en medios acuosos proporciona mejores resultados que los instrumentos que
operan a vacio. En un primer momento, el poder analizar la muestra en su estado natural
simula las mejores condiciones experimentales. Sin embargo la humedad atmosférica puede
por un lado, conservar las uniones entre coloides y moléculas de agua y por otro lado, las
puntas de los instrumentos de AFM pueden recubrirse de materia organica, afectando de este
modo a la veracidad de las imaigenes.35 Por ultimo, la utilizacidén de la técnica crio-TEM ofrece
la posibilidad de visualizar muestras congeladas preservando de esta forma, las estructuras
que pueden perderse o modificarse durante los métodos de preparacién. Wang y col.

emplearon este método en la identificacion de NPs de TiO, dopadas con Fe (111).*%
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Técnicas Basadas en la Dispersion de la Luz

Las mas comunes son dispersiéon de luz dinamica (DLS, Dynamic Light Scattering) y laser
multi-angulo de dispersién de luz (MALLS, multi-angle laser light scattering). Al igual que las
técnicas comentadas anteriormente, presentan inconvenientes y ventajas. El inconveniente
principal es que el tamafio proporcionado corresponde al didmetro hidrodindmico,™’ en
cambio, los espectros de absorcidon pueden proporcionar informacién sobre las moléculas
adheridas a la superficie de las NPs. En el caso de las NPs de Au, se observé que éstas no sélo
estaban recubiertas por las moléculas de citrato usado en la reaccién de sintesis, sino también

® Ademds de proporcionar informacién directa sobre las

por proteinas y lipidos.™®
caracteristicas de las NPs, utilizando MALLS también podemos calcular la masa molar sin

necesidad de métodos de calibracién.*®

Otros métodos basados en la deteccidn laser menos mencionados son scattering de rayos
X de angulo pequeiio (SAXS, Small-angle X-ray scattering), capaz de caracterizar sistemas
mono y polidispersos, y la deteccion de ruptura inducida por laser (LIBD, Laser-induced
breakdown detection), técnica prometedora para detectar cantidades de NPs (< 100 nm) en

suspensiones acuosas a nivel de trazas.'?***

Métodos Espectroscopicos

Mientras que la espectroscopia de rayos X proporciona informacion cristalografica, la
resonancia magnética nuclear (NMR, Nuclear Magnetic Resonance) es generalmente usada

elucidar la estructura 3D de las muestras.’®

La espectroscopia raman también ha sido
utilizada para la caracterizacién estructural de NPs en algunos trabajos, como por ejemplo en

la determinacién de CNTs en superficies acuosas.'”

11.5.2. Andlisis Cuantitativo de las Nanoparticulas

El andlisis de las NPs puede llegar a resultar complejo ya que se encuentra sujeto a diversas
problematicas relacionadas con las condiciones experimentales, y derivadas de los protocolos
de extraccion empleados, que conllevan en la mayoria de los casos a alteraciones de sus
propiedades fisico-quimicas. Ademas, a estos inconvenientes se les une la falta de patrones de

referencia y materiales certificados a la hora de validar los resultados.

La preparacion de dispersiones estables es probablemente uno de los objetivos mas

importantes tanto en el analisis cualitativo como cuantitativo de las NPs. Los agentes
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estabilizantes empleados en el proceso de sintesis o los recubrimientos organicos e
inorgdnicos de las NPs pueden perder su funcionalidad durante la etapa de tratamiento de
muestra. Por ejemplo, en el caso en el que las NPs estan estabilizadas sélo estéricamente por
agentes surfactantes, una dilucién podria causar la agregacion o disolucion de las mismas.'® Si
la estabilizacion es dependiente de la carga superficial, un cambio de pH podria modificar de
igual forma el estado de agregacién. Los disolventes organicos y agentes quimicos requeridos
en las técnicas de separaciéon, por ejemplo en cromatografia, pueden modificar las

propiedades primarias de las NPs y su estado de agregacidn, dando lugar a informacién

errénea sobre la distribucién de tamafios.**

Como en la mayoria de las metodologias llevadas a cabo en los distintos campos analiticos,
en el caso de las NPs la preparacién de muestra se considera una etapa critica. En los
protocolos de extraccidon es frecuente el uso de agentes quimicos dispersantes (reactivos
surfactantes y moléculas organicas), o el empleo de la energia de ultrasonidos para facilitar la
extraccion de NPs de la muestra. Sin embargo, estas alternativas no aseguran que el estado
fisico-quimico de las mismas no pueda ser modificado. Ademads, la presencia de otras NPs
naturales y materia organica presentes en las muestras pueden dificultar los procedimientos
analiticos. Por ejemplo, la extraccion de NPs de suelos y sedimentos puede llegar a
complicarse por la presencia de particulas sélidas naturales de tamafio similar al de las NPs

estudiadas.'”

Como se ha comentado anteriormente, la disponibilidad de estdndares y materiales
certificados en el campo de la nanotecnologia es limitada. Actualmente hay grupos de trabajo
encargados de la estandarizacion de métodos (por ejemplo caracterizacion de CNTs usando
técnicas de microscopia electronica, espectroscopia fotoluminiscente infraroja, espectroscopia

196

Raman o de absorcidn UV-Vis-NIR),” y también existen guias y protocolos en los que se

197198 A pesar de esto, la informacién

detallan las pautas a seguir en el tratamiento de NPs.
existente es escasa y continuamente se plantea la necesidad de estandarizar los métodos de
tratamiento y caracterizacién de las NPs. Actualmente, se encuentran disponibles una amplia
variedad de métodos tanto para el analisis de NPs naturales como sintetizadas. La mayoria de
estos métodos han sido optimizados en matrices sencillas, por lo que el reto de la quimica

analitica se basa en la extrapolacion a matrices mas complejas con el fin de obtener la

informacion necesaria en cada caso.™®
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Técnicas de Analisis Elemental

Las diferentes fuentes de ICP (ICP-MS, ICP-OES) se consideran excelentes herramientas
para el andlisis elemental de NPs inorgdnicas. Se ha demostrado que ICP-MS presenta una
elevada sensibilidad y robustez para cuantificar la composicion de metales en una amplia
variedad de matrices. ICP-MS ofrece la posibilidad de la introduccidn directa de las NPs en la
fuente de ionizacion (plasma). Este hecho supone la ventaja de que no es necesario un
tratamiento previo de la muestra. Sin embargo, el anadlisis directo de las NPs metalicas
presenta algunos inconvenientes debido a la baja eficiencia de nebulizacién en casos en los
que las NPs se encuentren formando agregados de gran tamafio, proporcionando bajas
recuperaciones. Existen informaciones contradictorias sobre las diferencias en la eficiencia de
nebulizacién de las NPs. Mientras que unos autores han concluido que la introduccion de las
NPs menores de 2 um a través de nebulizadores tipo slurry tienen un comportamiento similar

199

a los estdndares acuosos comunmente utilizados en ICP,” otros han demostrado que esta

técnica es sélo capaz de ionizar y atomizar NPs esféricas de tamaifio comprendido entre 5y 25
nm bajo las condiciones de alta temperatura del plasma.’® Debido a esto, es conveniente

evaluar en cada ensayo las posibles diferencias en la eficiencia de nebulizacion.

Otro problema asociado a la introduccidn directa de las NPs en ICP-MS son las pérdidas por

adsorcién de las mismas sobre el sistema de introduccién de muestra, lo que conlleva a una

201

cuantificacion complicada.”” En este sentido, es importante llevar a cabo una digestion previa

202,203

de la muestra, usando una combinacién de 4cidos a alta temperatura. Las

concentraciones de Cd y Se fueron determinadas en la planta Arabidopsis thaliana,
previamente expuesta a QDs de CdSe/ZnS, empleando una mezcla de HNO; y H,0, (4:1) y calor

204

para digerir los tejidos.” Las diferencias entre la acumulacidn de NPs de Ag y microparticulas

en células endoteliales de cerebro de ratas se evaluaron mediante digestion con HNO; de las

muestras y posterior anadlisis ICP-MS. Tras la cuantificacion de los contenidos de Ag se

demostré que las NPs se acumulan mas facilmente que las microparticulas.”®

Digestiones
empleando acidos mas fuertes, como H,SO,, o mezcla de acidos formadas por HF, se suelen
emplear con el objetivo de descomponer la estructura cristalina de éxidos metalicos, como las
NPs de TiO,, pero conllevan a un cierto riesgo de pérdida de metal debido a la formacion
fluoruros altamente volatiles (SiF, o TiF,)."** Los métodos analiticos basados en digestiones
acidas ofrecen la posibilidad de reducir los efectos de matriz debido a la eliminacion de

componentes bioldgicos presentes en la muestra o de agentes estabilizantes empleados para

evitar la agregacion de las NPs.
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Por otra parte, la extraccidn asistida por ultrasonidos, ademas de permitir la extraccion de
las NPs también, favorece su dispersién.?®® Utilizando la energia de ultrasonidos se determiné
la concentracién de Ti en fibroblastos expuestos a NPs de TiO,."® Sin embargo, al igual que en
los métodos de digestidn, la forma quimica de las NPs puede verse alterada debido al uso de
soluciones acidas 6 bdsicas como medio extractante, o incluso por la propia energia de

ultrasonidos.

Otras técnicas alternativas a las técnicas ICP son la espectroscopia de absorcion atémica

con horno de grafito (GF-AAS, Graphite Furnace Atomic Absorcion Espectroscopy),”” v |

a
vaporizacion electro térmica (ETV, Electro Thermal Vaporization). Esta Ultima puede ser
considerada una alternativa como sistema de introduccidon de muestra, ya que permite la pre-

digestion de las NPs.%*%

A pesar de las numerosas ventajas que ofrece ICP-MS y otras técnicas atdmicas, no es
posible distinguir la naturaleza quimica del elemento, es decir, si se encuentra en forma de NPs
o como ion. Para llevar a cabo esta diferenciacidon se necesita por un lado el empleo de
tratamientos previos como filtracidn, centrifugacidon o sedimentacidn, que permiten separar
las NPs de las soluciones, o por otro lado el empleo de técnicas de separacién acopladas a ICP-

MS.
Métodos de Separaciodn: Filtracion y Centrifugacion

Actualmente, los métodos de separaciéon de NPs y MPs disponibles ofrecen infinitas
posibilidades a la hora de desarrollar metodologias analiticas. Tal y como aparece
esquematizado en la Figura 14, dependiendo de la complejidad de la muestra, tamafio y
naturaleza quimica de las NPs, y de la finalidad del andlisis requerido, es conveniente
seleccionar el método de separacidn que nos proporcione la informacion mds precisa,

empleando el menor tiempo posible y reduciendo costes.
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Figural4. Técnicas disponibles para la separacion de NPs en solucidn en funcién de su tamafio.

La filtracién y centrifugacién son empleadas para diferenciar entre NPs y especies idnicas.
Estas técnicas proporcionan un fraccionamiento por tamafio de las particulas, y destacan por

ser baratas, rdpidas, sencillas y permitir trabajar con grandes volimenes de muestra.
Centrifugacién

Las centrifugas comunes, encontradas en la mayoria de los laboratorios, pueden separar
particulas por debajo de 500 nm, mientras que la ultra-centrifugacion por debajo de 1 nm. A
pesar de su facil manejo y su capacidad de separacidn, el fraccionamiento de tamafios es
limitado y la resolucién obtenida es relativamente baja.”* Respecto a la ultra-centrifugacion,
hay dos tipos: analitica y preparativa. En la analitica, la muestra puede ser monitorizada en
tiempo real usando sistemas de deteccién dptica basados en la absorcién de luz ultravioleta
y/o sistemas de indices de refraccion. Generalmente es usada para la separacion de
macromoléculas y en casos en los que pueda producirse una sedimentacion rdpida. Por lo

contrario, la preparativa es mas adecuada para particulas mas pequefias, para separaciones en
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gradiente. En muchas ocasiones suele emplearse antes de los analisis llevados a cado

mediante microscopia electrénica.
Filtracion

Se presenta como una metodologia adecuada no sdlo para distinguir entre iones y NPs, como
en el caso de la centrifugacién, sino también para obtener informacidon sobre el tamafio de las
mismas. Las membranas de filtracion tradicionales permiten el fraccionamiento de particulas

210

entre 0.2 y 1 um.”" Las técnicas de ultra- o nano-filtracidon permiten utilizar filtros con poros de
tamafio mas pequenos, llegando incluso a filtrar NPs por debajo de 3 a 1 nm. Para la
separacion de NPs e iones se suelen utilizar filtros con un tamafio de poro entre 0.5y 1 nm.*®
La filtracién secuencial ha sido empleada con éxito en la separacion de NPs de Ag liberadas de

textiles.™

Las técnicas de filtracién convencionales, excepto ultra-filtracion, son faciles de manejar y
no muy costosas. Sin embargo son poco precisas, ya que se puede obtener una informacién
errénea sobre el tamafio de las NPs debido a la obstruccidn de los poros de la membrana, o a
las interacciones electrostaticas entre el material empleado y las NPs.’*? Entre otras
desventajas se encuentran: el riesgo de contaminacidn, los efectos memoria durante la

preparacion de muestra, y la posibilidad inexistente de trabajar con volimenes.**

Una mayor resolucion en la distribucion de tamafios puede obtenerse empleando técnicas

hifenadas 6 single-particle (sp)ICP-MS.
Técnicas Hifenadas

Los métodos de separacion cromatograficos como: exclusion por tamaios (SEC, Size
Exclusion  Chromatography), cromatografia hidrodinamica (HDC, Hydrodynamic
Chromatogtraphy) y electroforesis capilar (CE, Capillary Electrophoresis), permiten la
separacion de particulas de tamafio entre 10 y 80 nm, y han sido extensamente usados en la

213218 Aunque la aplicacion de SEC ha

separacion de NPs tanto organicas como inorgdnicas.

dado lugar a resultados satisfactorios en muchos estudios, el material poroso del interior de

las columnas puede conllevar a la adsorcién inespecifica y causar interacciones indeseadas, lo

que hace necesaria la adicion de aditivos para bloquear los sitios activos de la fase

estacionaria. SEC ha sido combinada con técnicas de deteccion como voltamperometria, ICP-
. ., 215,216 217

MS, DLS, y MALLS, para la caracterizaciéon de NPs de Au, QDs,”" y nanotubos de carbono

(SWNTs).”® En HDC la separacion de las NPs se lleva a cabo en base a sus radios

hidrodindmicos. A pesar de la baja resolucidn de este método, la combinacién con la deteccién
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UV o de fluorescencia, ha permitido la caracterizacién de NPs y coloides.?™ Por ultimo, la CE,
que separa las particulas en funcidon de su relacion masa/carga, ha sido aplicada con éxito para

la separacién de NPs de poliestireno de diferentes tamafios.”****

Actualmente, el desarrollo de otras técnicas de separaciéon, como fraccionamiento de
campo de flujo (FFF, Field Flow Fractionation), estd sustituyendo a los métodos
cromatograficos. El término FFF fue sugerido por Giddings para un grupo de principios de
separacion.”” FFF puede considerarse como un hibrido entre la cromatografia y un método de
campo impulsado, como la electroforesis o ultra-centrifugacién. Sin embargo, mientras que en
cromatografia las NPs se separan a lo largo de la columna como resultado de una diferente
afinidad entre la fase mdvil y la fase estacionaria, en FFF la separacién, o fraccionamiento, solo

depende del principio de separacién empleado.

Las separaciones pueden producirse en base a los siguientes modos fraccionamiento:
mediante campo de flujo simétrico (F-FFF) 6 asimétrico (AF-FFF), temperatura (ThFFF),
sedimentacién (SAFFF), gravitacional (GrFFF), campo magnético (MgFFF) 6 campo eléctrico
(EIFFF). Los dos principios mas utilizados en el analisis de NPs son la sedimentacion y el flujo

asimétrico.

SdFFF comprende un rango de tamafos entre 50 nm hasta varios um, mientras que FFF
(con flujo simetrico y asimétrico) pueden separar moléculas o coloides en un intervalo mas
amplio, desde 1 nm hasta 1 um. SAFFF ha sido utilizado tanto para la separacién de coloides
inorganicos como en el andlisis de células, liposomas, ADN 6 ARN.?*>**® Recientemente, este
tipo de mecanismo acoplado al detector ICP-MS ha sido empleado para la determinaciéon de la

distribuciéon de tamafio de NPs de TiO, presentes en cremas solares.””’

AF-FFF ha sido también utilizada en bio-andlisis, por ejemplo para polisacaridos, proteinas,

unidades sub-celulares.”?*%?

En el fraccionamiento con campo de flujo asimétrico, un flujo
(cross flow) es aplicado perpendicularmente al canal donde tiene lugar la separacion. En el
interior de este canal se encuentra una membrana que actia como filtro de corte (con un
tamafio de poro especifico) para diferenciar las particulas de especies idnicas o en disolucion.
Las NPs se separan como resultado de un equilibrio entre la fuerza aplicada
perpendicularmente y su coeficiente de difusién. Este tipo de fraccionamiento puede operar
en dos diferentes modos, modo normal 6 modo estérico. EI modo normal se establece cuando
los didmetros de las particulas son mucho mas pequefios que la anchura del canal y por

consiguiente, tiene lugar una distribucion exponencial y las particulas mas pequefias eluyen

primero. Por el contrario, la elucion en modo estérico tiene lugar cuando se analizan particulas
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mas grandes, y en este caso son las particulas de mayor diametro las que eluyen antes (Figura

15).233

Modo Normal  campo Aplicado
(cross flow)

d<<<w

Distribucion de NPs exponencial
Las NPs mas pequenas eluyen
primero

separacion

(w)

Anchura del l
canal de

difusion

Modo Estérico  campo Aplicado

(cross flow)
d<w
R — Las NPs mas grandes eluyen
primero

diametro de particula (d)

Figura 15. Representacion de los posibles modos de separacién en AF-FFF.

En AF-FFF multitud de parametros influyen en la eficiencia de las separaciones debido al
fendmeno de adsorcién, pre-elucion, a la repulsién electrostatica de la membrana y a la

234235 para conseguir un fraccionamiento eficiente y cuantitativo de las

agregacion de las NPs.
NPs, en términos de recuperacién, deben ser optimizadas tanto las condiciones de separacién
(flujo transportador, cross flow, volumen inyectado de muestra), como la composicién de la
solucién transportadora (carrier) (composicion quimica, fuerza idnica y pH). Esta Ultima
variable puede cambiar el comportamiento fisico-quimico de las NPs, y por lo tanto su

retencion a lo largo de la membrana.”**

Los instrumentos FFF proporcionan informacion directa sobre los coeficientes de difusidén y

tamanfio de las NPs de una forma directa. Generalmente, se aplican dos ecuaciones con esta

finalidad: la ecuacién de la teorfa FFF (1) y la ecuacién de Stokes-Einstein (2)*’

(1) t = W?/6D In(1+Fc/Fou) (2) D = KgT/6mnr
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Donde, tr es el tiempo de retencidn, W el espesor del canal, D el coeficiente de difusién de las
particulas, F. el cross flow aplicado, Fo: el flujo del canal, Kg la constante de Boltzman, T la
temperatura, n la viscosidad del fluido y r el radio de las particulas. De este modo, el tiempo de
retencién se puede relacionar con el tamano de las particulas de forma sencilla. Sin embargo,
la teoria FFF no se puede aplicar en todos los analisis, ya que la informacién que proporciona
puede ser errénea. En casos en los que las NPs se encuentren agregadas, posean una
morfologia diferente a la esférica o establezcan interacciones con la membrana, estds
ecuaciones no son utiles, siendo necesarios otros métodos de calibracion de tamano

(estandares de NPs, LSD, confirmacidn por microscopia eléctronica).

Aunque el detector UV es generalmente el mas acoplado a AF-FFF, también es posible
obtener informacién elemental mediante el empleo de ICP-MS. Una de las principales ventajas
de esta técnica hifenada (AF-FFF-ICP-MS) no es sélo la posibilidad de una deteccion
multielemental, sino la alta sensibilidad que presenta (alcanzando los ng/L) comparada con la
deteccién UV. En investigaciones recientes sobre la presencia de NPs de TiO, en cremas solares
y la exposicion de la especie Daphnia magna a QDs de CdSe/ZnS, AF-FFF-ICP-MS se aplicé para

la caracterizacién del tamafio de particula y su composicién.?*®

A pesar de todas las ventajas proporcionadas por esta técnica, todavia existen algunas
cuestiones que requieren una investigacion mds exhaustiva: problemas relacionados con la
interaccion membrana-NPs, el diferente comportamiento de las NPs dependiendo de su
estructura quimica y composicidn, y la necesidad de optimizar los parametros instrumentales y
experimentales en cada caso, dependiendo del tipo de NPs y de la matriz. Frente a las técnicas
de microscopia electrdnica, AF-FFF ofrece ventajas respecto al andlisis cualitativo de las NPs. La
ventaja principal se basa en el nimero de particulas caracterizadas en cada analisis. Por
ejemplo en AF-FFF, en un volumen de inyeccion de 50 uL de una suspension de NPs de
concentracidén comprendida entre 1-10 mg/L, el nimero de NPs (entre 1-100nm) puede oscilar
entre 1000-107, mientras que en TEM el nimero de particulas analizado en mucho menor,
entre 150 y 2000. Esto se traduce en que, aunque es conveniente emplear TEM para la
confirmacién de los resultados, la informacion obtenida de AF-FFF es mas representativa de la

muestra.”*’

El andlisis de NPs metdlicas se encuentra en continuo desarrollo, y nuevas tendencias en el
campo de la espectrometria de masas se proponen como alternativas al acoplamiento AF-FFF-
ICP-MS. Este el caso de single-particle (sp)-ICP-MS. El principio de sp es muy sencillo. Esta

basado en un andlisis estadistico de la sefal transiente de una Unica NP obtenida tras la
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nebulizacién de dispersiones muy diluidas. Se considera que la atomizacién de una Unica
particula en el plasma produce una nube de iones cuya intensidad de sefial es proporcional al
tamafio de la particula.” El empleo de esta técnica requiere un bajo coste instrumental ya
gue se encuentra disponible en casi todos los laboratorios equipados con ICP-MS. Sin
embargo, la rapida adquisicién de datos implica la necesidad de espectrémetros de masas de
alta resolucion. El tamafio minimo de NPs detectado (entre 20 y 30 nm) depende de la

cantidad de 4tomos presentes en una Unica particula, y de la masa del elemento.?*%**

Esta técnica presenta algunas desventajas respecto a AF-FFF. En sp-ICP-MS sélo un
elemento puede ser analizado y para que un analisis sea representativo, se requieren varias
medidas y grandes diluciones que pueden modificar el estado de agregacion de las NPs. A
pesar de esto, con sp-ICP-MS se suprime cualquier tipo de interaccién inespecifica entre las
NPs y la membrana del sistema AF-FFF, y por consiguiente los posibles problemas relacionados

con la recuperacion.”*’

En la bibliografia mas reciente se pueden encontrar varios trabajos relacionados con el
empleo de sp-ICP-MS. Por ejemplo, Degueldre y col. investigaron la distribucidon de tamafios de

NPs de Zr, Th o Au en suspensiones coloidales.***>**

1.L6. Metodologias (Bio)Analiticas Empleadas en la Evaluacion de los Efectos

Bioldgicos Asociados a la Presencia de Nanoparticulas Inorganicas

Los estudios toxicoldgicos son cada vez mds necesarios para entender tanto la interaccion
entre las NPs y el medio ambiente, como los efectos de éstas sobre los organismos vivos.
Aungue no existen unas condiciones experimentales estdndar bajo las cuales se deban llevar a
cabo este tipo de ensayos, si que se han planteado una serie de pardmetros criticos que deben
ser objeto de estudio: la generacidon de ROS, estudio de la morfologia celular e integridad del

citoesqueleto, funcionalidad celular y genotoxicidad.

A continuacidon se detallan las técnicas (bio)analiticas mas comunes utilizadas en la
evaluacién de dichos pardmetros. Estas se pueden clasificar en: espectrofotométricas,

microscopicas, técnicas de analisis celular, y herramientas proteomicas.
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11.6.1. Ensayos Espectrofotométricos

La primera indicacidon de dafio celular es la observacion de una reduccién de la actividad
metabdlica celular y/o una alteracién del equilibrio entre agentes pro-oxidantes y
antioxidantes intracelulares. El primer caso puede ser evaluado mediante diferentes ensayos
focalizados en la medida de la viabilidad celular, mientras que la segunda respuesta puede ser
observada a través de la evaluacién del estrés oxidativo. Dentro de este tipo de ensayos se
encuentran los métodos colorimétricos, fluorimetricos y luminiscentes, que como resultado
miden la absorbancia, la fluorescencia o la sefial de luminiscencia como respuesta celular a un

agente externo, como son las NPs.
Medida de la Viabilidad Celular

La viabilidad celular puede ser investigada mediante diversos ensayos en los que se evalian
uno o mds parametros celulares como: la actividad mitocondrial (empleando el método MTT,
6 WST), la permeabilidad de la membrana celular (con el ensayo de lactato deshidrogenasa
(LDH), trypan blue o ioduro de propidio), la actividad de la esterasa intracelular (empleando
el agente de tincidn calcein AM), 6 los niveles de apoptosis (evaluando las interacciones de
Anexina V o la actividad de las caspasas). Estos andlisis requieren solamente unos pocos
minutos para generar la sefial de medida, lo que implica una reduccién de posibles
interferencias causadas por la interaccion del compuesto testado con el agente quimico

utilizado en el ensayo.

Entre los ensayos citados anteriormente, uno de los métodos mas cominmente usados es el
ensayo MTT (MTT, (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)).**>** Esta
basado en la capacidad de las células para reducir la molécula de MTT a formazan con ayuda
de la enzima mitocondrial succinato-deshidrogenasa. EI Formazan es un compuesto coloreado
(azul), cuya absorbancia puede ser mediada espectrofotométricamente a 500-600 nm. Este
ensayo ha sido Util en el estudio de la citotoxicidad inducida por varios tipos de NPs,** y
también demostrar que lineas celulares son mas sensibles a los efectos derivados de un

determinado tipo de NPs. En este sentido, Christen y Fent demostraron que células hepaticas

humanas eran mas sensibles a las NPs de SiO, que los fibroblastos.**®
Evaluacion del Estrés Oxidativo

El estrés oxidativo estd asociado a un incremento en la produccién de especies oxidantes o
a una significante disminucion de las defensas antioxidantes celulares. Cuando las células son

expuestas a condiciones de estrés pueden generar especies reactivas de oxigeno, entre las que
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se encuentran radicales hidroxilo (‘OH), aniones superdxido (O,), y perdxido de hidrégeno
(H,0,). Cuando la concentracion de estas especies es muy elevada, se produce dafio celular e
incluso apoptosis. Muchos estudios han considerado el aumento de los niveles de ROS como
uno de los efectos inducidos por las NPs. Uno de los ensayos mas usados para medir la
produccién intracelular de ROS es el diacetato de diclorofluoresceina (DCFH-DA, Dichloro-
dihydro-fluorescein diacetate). Este agente quimico penetra en las células, donde se hidroliza
por esterasas inespecificas y en presencia de especies oxidantes se convierte en su metabolito

29230 gigyiendo este

2,4-diclorofenol (2,4-DCF), un producto fluorescente de color verde.
procedimiento, Konczol y col. demostraron que la producciéon de ROS en células epiteliares
aumenté tras la incubacién con NPs de Fe,0O; en una manera dependiente de la
concentracién.”" El empleo del compuesto dihidroetidio (DHE, dihydroethidium) se considera

otro ensayo alternativo.”?

Se ha demostrado que cuando los niveles de ROS aumentan, generalmente se
desencadenan otros eventos intracelulares como la peroxidacidn lipidica. Por lo tanto, el dafio
oxidativo también se puede evaluar a través de otros mecanismos secundarios. En el caso
concreto de la peroxidacion lipidica, el malondialdehido (MDA, malondialdehyde) generado
tras la ruptura de los acidos grasos poli-insaturados se utiliza como paramétro para determinar
la presencia de reacciones de peroxidacion lipidica. Los niveles de MDA pueden ser medidos
por Western Blot (técnica analitica que permite evaluar la expresién de MDA utilizando el
anticuerpo correspondiente),”® ELISA (técnica de inmunoensayoen la cual se detecta
un antigeno inmovilizado gracias a la interaccién entre un anticuerpo y una enzima capaz de
generar un producto detectable mediante un cambio de color), 6 por el tradicional ensayo de
sustancias reactivas al acido tiobarbiturico (TBARS, thiobarbituric acid reactive substances);
basado en la reaccion entre el MDA con el acido tiobarbitlrico para formar un producto
fluorescente cuya intensidad puede ser facilmente mediada mediante espectrofotometria.*
Los resultados obtenidos por Passagne y col. tras emplear este ensayo en células de diferente
tipo, confirmaron que la produccién de MDA estaba directamente influenciada por la linea

celular y el tamafio de las NPs de SiO, empleadas.”*

Por ultimo, otra forma muy comun de evaluar el estrés oxidativo es medir los niveles de la
enzima glutation (GSH, glutathione). Este compuesto intracelular de bajo peso molecular
tiene un papel muy importante en la defensa de las células contra el estrés oxidativo y se ha

usado en muchos ensayos toxicoldgicos.”?
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11.6.2. Técnicas Microscopicas

El primer paso en cualquier ensayo de toxicidad que esté enfocado a obtener informacién
sobre los efectos de las NPs en organismos, es la caracterizacién de las NPs empleadas en el
estudio. Como se ha comentado anteriormente en la seccidon I1.5.1., referida a las “Andlisis
Cualitativo: Caracterizacion y Deteccion de NPs”, las herramientas de microscopia electrdnica
(mayoritariamente TEM y SEM) son muy adecuadas a la hora de proporcionar informacién util
sobre el tamafio, forma, estado de agregacién y morfologia superficial de las NPs. Ademas de
ser utilizadas para estos fines, su empleo es esencial a la hora de llevar a cabo estudios in vitro.
En concreto, TEM, SEM y AFM se utilizan frecuentemente como herramientas
complementarias para evaluar la interaccion entre las NPs y distintas lineas celulares. En este
tipo de ensayos bioldgicos, los componentes del medio de cultivo de las células (proteinas,
antibioticos, vitaminas y electrolitos) pueden absorberse sobre la superficie de las NPs,
cambiando su tamafo y quimica superficial, y como consecuencia alterar su estado de

agregacion. "

Ademas de definir las propiedades fisico-quimicas de las NPs y controlar la estabilidad de
las dispersiones, la microscopia electrénica es una técnica muy Utilen experimentos de
citotoxicidad ya que, por un lado SEM permite la visualizacidn de alteraciones en la morfologia
celular®® y por otro lado, TEM hace que sea posible la distincién de NPs localizadas en el

interior de la célula 6 tejidos de aquellas que se encuentran adheridas a la superficie.”’

La presencia de alteraciones en la morfologia celular es uno de los principales pardmetros
gue nos ayudan a entender los efectos desencadenados cuando las células se exponen a
agentes citotdxicos. Asi, alteraciones en la morfologia de fibroblastos de pulmén se
examinaron por SEM tras su exposicion a NPs de ZnO. Como resultado se observd que la
superficie celular de las células tratadas presentaba rugosidades en varias zonas en

1.%” Otros autores han empleado la Microscopia de

comparacién con las células contro

Contraste de Fases (PCM, Phase Contrast Microscopy), que permite la visualizacion de células
. . . .o .z . .7 2!

en su estado natural, sin necesidad de etapas previas de fijacién y deshidratacién,”” para

observar cambios morfoldgicos en células de higado de rata expuestas a NPs de Ag.”®

Los efectos citotoxicos de las NPs sobre una determinada linea celular pueden diferir
dependiendo del tiempo de exposicion y la concentracion de NPs en el medio de culivo. Es
importante comentar que el nimero de NPs que realmente se asimilan por las células puede

. e e . . . , . 259
variar de la concentracion inicial empleada en el tratamiento varios 6rdenes de magnitud,” y

que la influencia de estas particulas sobre los efectos citotdxicos desencadenados es mucho
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mayor que la de la concentracion afiadida al medio de cultivo. Por este motivo, la obtencién de
informacidn sobre la localizacion intracelular de las NPs es de vital importancia para poder
establecer las interacciones que tienen lugar entre las NPs y células. La asimilacién de NPs por
parte de la célula no sélo depende de la concentracién inicial de éstas, sino de otras
propiedades como el tamano, forma, sitios activos superficiales, etc... Prueba de esto es que
las NPs mds pequeinas son consideradas mas téxicas ya que son capaces de penetrar en las
células mas facilmente que las de mayor tamafio.”®® Como ya se ha comentado anteriormente,
TEM se considera una técnica adecuada para distinguir entre las NPs localizadas en el interior
de la célula de aquellas que se encuentran adheridas a su superficie. A la hora de llevar a cabo
un anadlisis de este tipo es necesario emplear agentes fijadores como: aldehidos
(glutaraldehido y paraformaldehido), que se unen a grupos amino preservando la estructura
celular, y tetradxido de osmio, usado generalmente como fijador secundario, que se une a

lipidos insaturados y a algunas proteinas mejorando la densidad electrénica.'®%2%*%

Ademas de la microscopia electrdnica, existen otras técnicas como la técnica de imagen de
ultra-alta resolucién (URI, Ultrahigh Resolution Imaging). Esta es una técnica que permite
observar las interacciones entre NPs y células de una manera directa, sin necesidad de una
tediosa preparacién de muestra y sin la utilizacién de agentes fluorescentes. Simplemente,
cambiando el plano focal se pudo verificar que agregados de NPs de TiO, habian sido

asimilados por las células.'®

Otra opcidn para visualizar las NPs en el interior celular es la funcionalizacién con
marcadores fluorescentes, utilizados en Microscopia de Fluorescencia (FM, Fluorescence
Microscopy) o CLM. Sin embargo es importante comentar que la funcionalizacién de las NPs
puede alterar sus propiedades fisico-quimicas. Entre los fluorocromos mas utilizados en bio-
analisis se encuentran: FITC, ALEXA 488, BODIPY-FL, ioduro de propidio, Mito-Tracker Red y
Rodamina, entre otros. Al-Rawi y col. utilizaron marcadores fluorescentes para observar la
localizacién de NPs de SiO, en mitocondrias, endosomas, lisosomas y nucleos de células de

. , 2
adenocarcinoma de Gtero humano (Hela).”®®

Por ultimo, la Microscopia de Campo Oscuro (DFM, Dark Field Microscopy) es capaz de
proporcionar una vision general de las NPs no fluorescentes en el interior de las células, ya que
como resultado se ve una imagen brillante superpuesta a un campo oscuro. Los estudios
utilizando esta técnica son muchos mas limitados, y cominmente es empleada en el andlisis de

NPs de Au.**
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11.6.3. Técnicas de Analisis Elemental

Generalmente, la técnica ICP-MS es la mas utilizada con el fin de proporcionar analisis
cuantitativos de la asimilacion de NPs en diferentes organismos y lineas celulares.** Los andlisis
elementales llevados a cabo mediante ICP-MS también permiten diferenciar entre las posibles
fuentes de citotoxicidad, es decir, si los efectos toxicos observados son debidos a la presencia
de NPs o mas bien a la oxidacion de éstas a sus correspondientes especies iénicas.’** ICP-OES

también ha sido empleado para llevar a cabo la cuantificacion de NPs en varios trabajos.”®* L

os
analisis obtenidos mediante ICP-OES corroboraron que la interaccion entre las NPs de SiO, no
porosas, NPs de SiO, mesoporosas, NPs de TiO,, y mastocitos dependia en gran medida de que
la superficie de las NPs estuviese modificada quimicamente, mas que de la composicion

elemental.®®

11.6.4. Técnicas de Analisis Celular: Citometria de Flujo

La citometria de flujo (FC, Flow Cytometry) es una técnica de andlisis celular que mide las
caracteristicas morfoldgicas (mediante la dispersion de luz) y antigénicas (mediante la sefial de

fluorescencia) que poseen las células.

Los citémetros de flujo constan de una fuente de excitacion (laser) y de un sistema colector
para generar y recoger las sefiales luminosas a determinadas longitudes de onda, vy
posteriormente dirigirlas hacia los detectores dpticos. Las células se introducen en el citdmetro

en suspensién mediante un sistema hidraulico.

Esta técnica es muy versatil y se puede aplicar en el andlisis de diferentes niveles celulares:
a nivel molecular (proteinas extracelulares, secuencias de ADN 6 ARN), a nivel subcelular
(liposomas, nucleos, cromosomas y otros organulos aislados), a nivel celular (bacterias,
hongos, células animales y vegetales) y a nivel supracelular (organismos pluricelulares y
fusiones celulares). En ensayo citotoxicos, FC se suele emplear tanto para determinar el
porcentaje de células en las distintas fases del ciclo celular, como para estudiar posibles

respuestas apoptdticas o necrdticas.
Distribucion de Fases del Ciclo Celular

Uno de los efectos mas comunes observados en las células tras su exposicion a las NPs es la
alteracion de su proliferacién y desarrollo celular. Mediante FC, se puede determinar el

contenido de ADN en las distintas fases del ciclo celular (sub-GO, GO/G1, S, G2/M), con el fin
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de evaluar posibles alteraciones (Figura 16). Para ello se utilizan marcadores fluorescentes
como Hoechst, DAPI, Naranja de acrimina, yoduro de propidio o rh12. Entre los mas utilizados
se encuentra el Hoechst 33342 que es un fluorocromo no covalente permeable a la membrana
plasmatica. Tiene especificidad por los pares de bases Adenina-Timina, tifiendo de esta manera
el DNA. El Hoechst puede usarse tanto en células vivas como fijadas, y se emplea a menudo en
sustitucidn de otro fluorocromo: el DAPI. El Hoechst 33342 presenta un grupo etilo adicional
respecto al DAPI, lo que le da un comportamiento mds lipofilico y la capacidad de atravesar
mas facilmente la membrana celular. La luz fluorescente emitida por las células marcadas es
proporcional al contenido de DNA de cada célula, y el porcentaje de células en cada fase del

ciclo se calcula de una manera muy sencilla mediante un programa informatico.®

A B
M
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/A CICLO CELULAR ‘g |Sub-GO

'\ EUCARIOTA = \/

. Células que g
. / han dejado o G2/M
S \‘;—”(_ de dividirse a L S
Contenido de ADN

Figura 16. Esquema del ciclo celular de un célula eucariota (A). Histograma obtenido tras el anadlisis de la
distribucién de fases del ciclo celular mediante FC (B). Los procesos que tienen lugar en cada fase son los siguientes:
Sub-GO (células pro-apoptdticas que han parado su divisiéon), GO/G1 (fase de crecimiento celular), S (tiene lugar la

sintesis y replicacién de ADN) y G2/M (se producen la sintesis de proteinas, cambios en la estructura celular y por

s e es 267
ultimo la division celular.

AshaRani y col. estudiaron la distribucion de las fases del ciclo celular de fibroblastos de
pulmon y glioblastomas humanos con el fin de evaluar el dafio inducido por las NPs de Ag. Un
incremento del porcentaje de células en la fase S respecto a las células control, corroboré que
las NPs de Ag eran capaces de bloquear el ciclo celular en la fase de replicacién del ADN vy

division celular (fase G2/M), y por lo tanto inhibir la proliferacion.”®®
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Medida del Grado de Apoptosis

A pesar de que existen varias estrategias para evaluar la apoptosis celular (utilizando
proteinas como marcadores, como Bax, Bcl2, p53 y caspasas,”* ensayos colorimétricos,”® PCR
29 4 observando la condensacién de cromatina bajo microscopia de fluorescencia *’°), FC se

presenta en numerosos estudios como la técnica mas adecuada.

La mitocondria actla como punto de integracion de las sefales apoptoticas originadas
tanto por mecanismos extrinsicos como intrinsicos, la pérdida de potencial de membrana
mitocondrial puede estar asociada a la activacion de las caspasas y a la consiguiente activacién
de las cascadas apoptdticas.”’* Mediante FC, Chen y col. demostraron que las NPs de Se
potenciaban la apoptosis de células de melanoma humanas. El porcentaje de células con la
membrana despolarizada aumentd aproximadamente un 25 % cuando las células fueron

tratadas con las NPs.””

La anexina V es el nombre de otro ensayo empleado en FC. La anexina-V es una proteina que
se une especificamente al fosfolipido fosfatidilserina (PS, phophatidylserine), el cual se
encuentra en la cara interna de la membrana plasmatica y es expuesto en la cara externa de
dicha membrana cuando comienza el proceso de apoptosis (muerte celular “programada” ante
estimulos extra o intracelulares). De esta forma, la anexina V conjugada con un fluoréforo
como el FITC, puede identificar selectivamente a las células apoptoticas uniéndose a la PS. La
anexina V se utiliza generalmente junto con el ioduro de propidio (IP, propidium iodide). El IP
es un fluorocromo no covalente que se une al ADN celular de células en las cuales la
membrana celular estd totalmente danada. De esta forma es posible diferenciar a las células
necréticas (muerte celular provocada por un agente nocivo que causa una lesién tan grave que

no se puede reparar).”’?

Como cualquier técnica de andlisis, la FC presenta ventajas e inconvenientes. Entre sus
ventajas destacan: el andlisis de un ndmero significativo de células, la posibilidad de medir
células individuales, y de utilizar multiples marcajes en una sola célula con el objetivo de
evaluar diferentes parametros. Sin embargo, la informacién sobre la morfologia celular es
escasa y es incapaz de proporcionar informacién de la localizacién celular en un teji. Otro de
los inconvenientes que puede presentar son los falsos positivos que se pueden generar tras la
internalizacion o adhesion de las NPs a la membrana celular, dificultando la correcta union de

P . - 2
las moléculas diana utilizadas.?”®
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11.6.5. Protedmica Cuantitativa

Las plataformas bio-analiticas basadas en la expresion de proteinas y genes proporcionan

informacién muy util acerca de los mecanismos especificos de interaccion entre NPs y células.

Entre las metodologias protedmicas disponibles, las estrategias cuantitativas son muy
atractivas ya que permiten la identificacion de las proteinas diferencialmente expresadas en

las células expuestas a las NPs.

Cuantificacién de Proteinas basada en el Marcaje Isotépico y la Espectrometria de Masas

En la protedmica basada en la espectrometria de masas, la cuantificacion se lleva a cabo
normalmente marcando las proteinas o péptidos mediante isétopos estables, de manera que
una de la muestras se marca con un isétopo ligero (o natural), mientras que la otra se marca
con el isdtopo pesado correspondiente. Los péptidos asi marcados producen, en el analisis de

MS, parejas de picos con una diferencia de masa correspondiente a la de los isétopos usados.

La mayoria de las técnicas de marcaje isotépico estdn basadas en la cuantificacién a nivel de
los espectros de MS, de manera que se buscan las sefiales que difieren entre si por una
variacién especifica en su relacién m/z y la concentracidn relativa de un péptido dado se

obtiene por comparacion de las intensidades de las sefiales correspondientes (Figura 17).

MARCAJE CUANTITATIVO

. . EVALUACION
MUESTRA PREPARACION FRACCIONAMIENTO ANALISIS

/ BIOLOGICA / de la MUESTRA

CUANTIFICACION

Figura 17. Disefio experimental de un ensayo protedmico. El esquema de trabajo normalmente comprende dos
fases: el marcaje cuantitativo de la muestra bioldgica, donde tiene lugar la preparacion de la muestra, y la
cuantificacion de las proteinas, que implica el fraccionamiento de la muestra, el analisis por espectrometria de
masas (MS) y la evaluacion de los datos obtenidos.
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MARCAJE CUANTITATIVO

1. Marcaje Cuantitativo de
Proteinas: Marcaje Metabdlico )

) ) PREPARACION FRACCIONAMIENTO ANALISIS EVALUACION
Mediante Isétopos Estables 5 dela /EsurrAno

MUESTRA

CUANTIFICACION

Los isétopos estables pueden ser incorporados metabdlica-, quimica- o enzimaticamente a

las proteinas o péptidos presentes en la muestra.”’*?’°

En la Figura 18, aparecen
esquematizadas las distintas vias de incorporacién isotdpica utilizadas en protedmica

cuantitativa.
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Figura 18. Diferentes posibilidades para el marcaje de péptidos y proteinas mediante is6topos estables. En el
marcaje metabélico, estrategia seguida en la presente tesis doctoral, dos lineas celulares cuyos proteomas se
quiere comparar se cultivan en medios normales o enriquecidos con compuestos marcados con isétopos estables.
Tras su crecimiento, los isétopos distintivos habran sido incorporados a las proteinas celulares producidas y, una vez
extraidas, pueden ser combinadas, digeridas enzimaticamente y analizadas como una sola muestra. En el marcaje
enzimatico dos muestras de proteinas se digieren enzimaticamente en presencia de “agua ligera” (H2016) o “agua
pesada” (H2018), de manera que el oxigeno marcado se incorpora a los péptidos resultantes como marcador
distintivo. Tras la digestién, los péptidos pueden ser combinados y procesados como una muestra Unica. En el
marcaje quimico a nivel de proteina (ICAT, Isotope-Coded Affinity Tag), las proteinas de dos muestras son
marcadas usando los reactivos del método de marcaje ICAT. Tras el marcaje las proteinas se digerieren
enzimdticamente y combinan antes del andlisis de MS. Finalmente, en el marcaje quimico a nivel peptidico (iTRAQ,
Isotope Tagged Relative and Absolute Quantification), las proteinas de distintas muestras se digieren
separadamente hasta sus péptidos resultantes y tras la digestién cada péptido es marcado usando reactivos de
estructura quimica semejante, pero que difieren en la composicion del isdtopo estable. Tras el marcaje las muestras
se combinan antes de ser analizadas.
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En las primeras publicaciones sobre marcaje metabdlico se usaron medios enriquecidos con
los istopos N** y C'2.777?7® Este método presentd algunos inconvenientes relacionados con la
identificacion de los espectros. En la mayoria de los casos, los cambios de masa de los péptidos
no pudieron predecirse dado que, tanto los &tomos de nitrégeno de la cadena principal, como
los de las cadenas laterales se hallaban marcados, hecho que hace mas complicada la
cuantificacion de los péptidos presentes en las mezclas complejas. El desarrollo del marcaje
isotopico estable de los aminoacidos en cultivo celular (SILAC, Stable isotope labeling with
amino acids in cell culture), ha evitado el problema encontrado con el marcaje de N** y C*3.>°
Entre las diferentes estrategias definidas en protedmica cuantitativa, SILAC es recomendado
para el marcaje de lineas celulares, ya que practicamente cualquier cultivo celular puede ser
marcado mediante SILAC.”*

SILAC se basa en la comparacidn, a nivel de contenido proteico, de dos estados celulares
diferentes (e.g. células procedentes de un tejido sano vs. células procedentes de un tejido
enfermo, células tratadas con un determinado farmaco vs. células sin tratar, células expuestas
a un determinado tdxico vs. células en condiciones normales, etc.) y se utiliza para la
identificacion y cuantificacion de proteinas diferencialmente expresadas entre dichos estados.
De esta forma, podremos afirmar que proteinas cuya abundancia sea diferente en ambos
estados, lo que se denomina proteinas de-reguladas, estaran probablemente implicadas en el
proceso objeto de estudio (e.g. enfermedad, tratamiento farmacoldgico, toxicidad de un
determinado compuesto, etc.), y serd dicho proceso el causante o la consecuencia de dicha de-

regulacién. El procedimiento general de un experimento SILAC aparece esquematizado en la

Figura 19.

——
[ —
12Cg-Argand 12Cq-Lys ] 13Cg-Argand 13Cg-Lys

Medio “ligero” Medio “pesado”
MEZCLA(1:1) <« |
(A)i(B)

FRACCIONAMIENTO de PROTEINAS
mediante SDS-PAGE

DIGESTION TRIPTICA

IDENTIFICACION y CUANTIFICACION
de PROTEINAS mediante nanoLC-
MS/MS

PROCESADO DE DATOS y
EVALUACION de los RESULTADOS

Figura 19. Dos poblaciones celulares, A y B, se cultivan en medios idénticos, excepto por la sustitucién de una serie
. 4 . . . . . 12
de aminoacidos (aa) en uno de los medios por su versidon “pesada”, es decir, un aa en el que los atomos de "°C se
. 13 . . s ., . . Z1s
sustituyen por ~C. La incorporacién de los aa “pesados” a las proteinas de la célula se realiza de forma metabdlica,
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de forma que tras 5-6 duplicaciones de la poblacidn celular, se consigue obtener una eficiencia de marcaje del
100%. De este modo, se obtiene una poblacién B donde todas las proteinas estan marcadas isotopicamente con uno
0 varios aa “pesados” frente a una poblacion A, donde todas las proteinas tienen todos sus aa en su forma normal 6
“ligera”. Una vez marcadas, las dos poblaciones se mezclan en relacion 1:1 y se prosigue con el proceso analitico, el
cual incluye etapas de separacion y digestion de las proteinas. Como resultado, en el espectro de masas, cada
péptido detectado aparecera como un doblete consecuencia de la diferencia isotdpica (correspondientes a la forma
ligera y pesada del péptido).

En el marcaje metabdlico SILAC es muy importante conocer el llamado cociente SILAC, ya
qgue es este valor es el que nos proporcionard la informacién necesaria para saber si la
expresion de una determinada proteina se encuentra de-regulada (sobre-expresada o

inhibida). El cociente SILAC es calculado a partir de la siguiente ecuacion:

Ay B son las dos poblaciones

LA/ILA+ 1,B/1I,B+ I,n/In

n

I, es la intensidad de pico del péptido “pesado”

Rsiac=

I, la intensidad de pico del péptido “ligero”

Cuando una proteina presente un cociente SILAC Rsyac = 1, nos encontraremos ante una
proteina cuya abundancia relativa es la misma en las dos poblaciones celulares, o lo que es lo
mismo, una proteina cuya expresion no se ha visto modificada tras el agente tdxico o
tratamiento testado. Proteinas cuyo cociente SILAC sea 1 > Rgac > 1 representaran a proteinas

cuya abundancia entre los dos estados es diferente, y por tanto, se tratard de proteinas

280

implicadas en el proceso objeto de estudio (Figura 20).
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Figura 20. Espectros de MS donde se muestran diferentes pares de péptidos con diferentes cocientes SILAC.
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A continuacién, en la Tabla 4, se comentan las ventajas que ofrece estd metodologia frente

a otros tipos de marcaje comentados anteriormente (enzimatico y quimico).

Tabla 4. Ventajas (en azul) de las estrategias de marcaje isotdpico frente a los inconvenientes (en rojo) de otros
tipos de marcajes (enzimatico y quimico)

Marcaje Metabdlico Marcaje Enzimatico y Marcaje Quimico

Los marcadores isotépicos son muy utilizados para el Marcaje enzimatico:

analisis de mezclas complejas de proteinas. Necesario un fraccionamiento cuidadoso de la
muestra.

No son necesarios pasos de purificacion. La eficiencia de la incorporacion del 0™ durante la

digestién de tripsina puede ser inferior al 50%, lo que
Compatible con las condiciones de cultivo celular. complica la cuantificacion.

Las muestras (células) se mezclan y se procesan juntas,
por lo que la pérdida de muestra o interfactos
derivados del tratamiento de muestra no afectan a la
precision de la cuantificacion.
Marcaje quimico:
El grado de incorporacion de los aa es practicamente Se requieron modificaciones quimicas y pasos de
del 100% purificaciéon, que pueden resultar complicadas en el
caso de disponer de poca cantidad de muestra.
Cuantificacion de proteinas de bajo peso molecular, y

aquellas que no contienen residuos de cisteina. En iTRAQ, los péptidos son marcados tras la digestion
de las proteinas, lo que se puede traducir en una mayor
Se requieren células vivas. acumulacidn de errores a lo largo del procedimiento.
MARCAIJE CUANTITATIVO,

2. Cuantificacion de Proteinas

mediante  Espectrometria de PREPARACION
dela dela
Masas / BIOLOGIC / TSR, / MUESTRA

CUANTIFICACION

MUESTRA

Una vez que se ha conseguido el marcaje metabdlico, el siguiente paso es la cuantificacion
de las proteinas, para lo que son necesarias etapas de fraccionamiento, analisis por
espectrometria de masas y el analisis de los datos obtenidos. Aunque en protedmica
cuantitativa, la abundancia de las proteinas se puede medir durante el fraccionamiento de la
muestra (protedmica cuantitativa basada en la electroforesis bidimensional), en este caso nos
vamos a centrar Unicamente en el andlisis de MS (protedmica cuantitativa basada en la

espectrometria de masas).”®*
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Para el fraccionamiento de las proteinas de una muestra, la electroforesis en gel de
poliacrilamida desnaturalizante (SDS-PAGE, Sodium Dodecyl Sulfate — Polyacrilamide Gel
Electrophoresis) es la modalidad mas utilizada. EI SDS es un detergente anidnico que actua
rompiendo las interacciones hidrofébicas de las proteinas desnaturalizandolas, es decir,
rompiendo su estructura terciaria. Las proteinas desnaturalizadas adoptan una estructura en
forma de bastoncillo con una serie de moléculas de SDS cargadas negativamente que rodean la
cadena polipeptidica. Al formarse el complejo SDS-proteina, se observa un valor constante de
la relacion carga/masa, consiguiéndose por tanto, una separacion de las proteinas en base a su
tamanfio, ya que la velocidad de migracién desde el cdtodo al dnodo es funcién directa de su
peso molecular. Ademas de la adicién de SDS a la muestra, se suele emplear un agente
reductor, como el ditiotreitol (DTT) o el 2-mercaptoetanol (B-ME), que ayuda a la
desnaturalizacion de las proteinas reduciendo los enlaces disulfuro y desplegando, por tanto,

algunas formas conformacionales terciarias.

Una vez realizada la electroforesis hay que proceder a la tincién del gel para poder
visualizar las proteinas separadas. Existen diferentes reactivos para la tincidn de geles siendo

los mas utilizados el azul de Coomassie (CBB) y el nitrato de plata.”®

El siguiente paso es el andlisis de las proteinas mediante la espectrometria de masas
molecular. Esta técnica analitica que se emplea para determinar la masa molecular de un
compuesto mediante el uso de una instrumentacidon adecuadaque pueda medir la relacion
masa/carga (m/z) de iones y que generalmente opera en condiciones de vacio.”®® Los
espectrometros de masas se componen de tres elementos basicos: la fuente de ionizacidn, el

analizador de masas y el detector.

A continuacién se comentan brevemente las diferentes alternativas en cuanto a fuente de

ionizacion y a analizadores mds utilizados para el analisis de proteinas y péptidos.

Fuentes de ionizacion: En sus inicios, la MS no podia aplicarse al analisis de proteinas debido a
la ausencia de técnicas de ionizacién suaves que permitieran realizar el paso de
macrobiomoléculas a iones en fase gaseosa sin una fragmentacion excesiva. A finales de los
afios 90 se desarrollaron dos técnicas de ionizacidon que permitieron el andlisis de proteinas y
péptidos, entre otras biomoléculas, mediante MS: ESI y MALDI.?®** Como se ha comentado en
la seccidén 1.5.2. “Separacion e Identificacion de Especies de Selenio”, la ionizaciéon por ESI

permite acoplar métodos de electroforesis capilar y cromatografia liquida directamente al
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espectrometro de masas, lo que permite realizar la identificacion a gran escala de mezclas
complejas de proteinas.”®

Analizadores de masas: Los analizadores mads utilizados en la identificacion de proteinas y
péptidos son: trampa idnica (IT, lon Trap) (caracterizada por su alta sensibilidad y robustez),
cuadruplo (Q, Quadrupole), el analizador de tiempo de vuelo (TOF, Time Of Flight), el
analizador de resonancia ciclotrénica de iones mediante transformada de Fourier (FT-ICR,
Fourier Transform lon Cyclotron Resonance) (es el analizador que mayor exactitud
proporciona en la determinacién de los valores m/z, pero su mantenimiento es muy costoso),
y el Orbitrap (su alta sensibilidad y resoluciéon lo hacen especialmente adecuado para la

identificacion de proteinas poco abundantes).?*®

La combinacién de la nanocromatografia liquida (nanoLC) y tandem masas (MS/MS) es
una aproximacién multidimensional que permite la identificacion de las proteinas que
componen un proteoma de una manera mas profunda y con un mayor intervalo dindmico y
precision en las cuantificaciones realizadas que cuando se utilizan técnicas de MS
unidimensional, en las que todos los iones se obtienen a partir de un solo espectro de masas.
Tipicamente, en este tipo de aproximaciones, la mezcla de proteinas digeridas previamente
con tripsina u otra proteasa se fracciona mediante nanolLC antes de ser analizada en el
espectrometro de MS/MS. Estos dos sistemas pueden estar conectados en linea de manera
que la muestra procedente del capilar de la columna cromatografica fluye directamente
dentro de la fuente de ESI, o por el contrario no estarlo, haciéndose uso de un colector de

fracciones que va recuperando los eluidos de péptidos para su posterior andlisis por MS.

Los principios basicos de la nanoLC son los mismos que de la LC normal; no obstante, la
miniaturizacién proporciona una serie de ventajas que se detallan a continuacion:
= Se reduce drasticamente el consumo de disolventes orgdnicos perjudiciales para el
medio ambiente.
= La disminucién del didametro interno de la columna analitica incrementa la sensibilidad
y disminuye la cantidad de muestra necesaria. Este aspecto es especialmente
importante para la identificacidon de proteinas poco abundantes.
= La disminucidon del tamafio de particula del empaquetamiento cromatografico se
traduce en un estrechamiento de los picos cromatograficos aumentandose, por tanto,
la eficacia de la separacidn. Este aspecto es muy importante para poder conseguir la
resolucidon isotdpica necesaria en las diferentes estrategias de cuantificacion de

proteinas.
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= La disminucion del caudal y del didametro interno de las conexiones facilita su
acoplamiento directo a la fuente de nanoelectrospray del espectrémetro de masas de

manera que los péptidos se pueden ir detectando conforme son eluidos de la columna.

Herramientas Informaticas para la Identificacion de Proteinas

La identificacién de proteinas a partir de la huella peptidica (PMF, Peptide Mass
Fingerprintig), obtenida por MS o a partir de los espectros de fragmentacién y secuenciacion
de péptidos mediante MS/MS, son las aproximaciones basadas en la espectrometria de masas
mas utilizadas para la identificacién de proteinas en los estudios protedmicos. Se han
desarrollado distintas herramientas informaticas que asisten en la identificacion de proteinas
mediante ambos métodos. Para PMF estos programas informaticos comparan el valor m/z de
cada péptido del espectro de masas experimental con los valores tedricos derivados de bases
de datos como la del UniProt (accesible en: http://www.uniprot.org/) o la del NCBI (accesible
en: http://www.ncbi.nlm.nih.gov).”*”*®® Distintos tipos de herramientas tales como Mascot,
MS-Fit , Profound, PeptideSearch , Peptldent , Aldente vy PepFrag , permiten evaluar la
similitud entre los valores m/z de los espectros MS experimentales obtenidos y los tedricos.
Todos estos programas asignan una puntuacién, valor probabilistico o score estadistico que
indica lo bien correlacionados que se encuentran entre si los valores experimentales y los

teoricos.

La secuenciacion por MS/MS puede llevarse a cabo por comparacién con la informacion
presente en las bases de datos (PFF, Peptide Fragment Fingerprinting). Esta Ultima opcidn se
usa normalmente para la identificacidon de las proteinas presentes en mezclas complejas y
cuando hay disponibilidad de acceso a la informacion gendmica del organismo estudiado. En
los anélisis de MS/MS automatizados, el espectrometro de masas selecciona los picos del
primer espectro MS obtenido (iones precursores o parentales), para su fragmentacion y
posterior andlisis de los espectros de fragmentacidn resultantes (o espectros de MS/MS). Estos
anadlisis generan cientos de espectros por hora, lo que requiere del uso de programas
eficientes con los que llevar a cabo el andlisis de los datos. Los andlisis protedmicos a gran
escala se han visto beneficiados por el desarrollo de multiples paquetes informaticos que
permiten el anélisis de los datos presentes en los espectros de MS/MS. Algunos de estos son
Mascot , Sequest, ProbID], Phenyx , X!Tandem , GutenTag , NoDupe y Sonar MS/MS. Muchas
de estas herramientas (como Mascot y Sequest, por ejemplo), se basan en el ion precursor,

289

utilizando la masa de este ion como principal criterio de busqueda.” Cada una de estas

herramientas informaticas aplica distintos algoritmos especializados y funciones de score que
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tienen en cuenta los diferentes factores que influyen en la identificacion de proteinas (por

ejemplo, aa modificados, mutaciones y variantes post-traducionales de las proteinas, etc...).
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OBJETIVOS DEL TRABAJO DE INVESTIGACION

Los objetivos principales de la investigacidn recogida en la presente memoria estan
orientados al estudio de los procesos de bioacumulacidon y biotransformacién de Se en
muestras bioldgicas, asi como a la evaluacion de los efectos bioldgicos de una especie de Se

IM

“especial”, como es el Se en forma de NPs. Continuando en la linea de las NPs, y debido al
rapido crecimiento de esta area de investigacion en los ultimos afios, otra de las finalidades
marcadas a lo largo de esta investigaciéon ha sido el desarrollo de un método para la
determinacidon de NPs en productos de consumo humano. En concreto para la cuantificacion

de NPs de TiO,, actualmente muy utilizadas en la industria cosmética.

A continuacidén se detallan los objetivos establecidos:

1. Estudio de la biofortificacion agrondmica con Se de las especies Brassica rapa y Brassica
napus (dos variedades de colza) con el fin de aumentar las propiedades nutricionales de la
fraccion proteica de sus semillas, fuente de alimentacion muy utilizada en la dieta de ganado
bovino. Este objetivo responde a la necesidad de aumentar el nivel de Se en productos

vegetales destinados al consumo humano y animal. En su consecucién ha sido necesario:

1.1. Evaluacién del potencial de las especies Brassica para asimilar y biotransformar Se en
sus semillas.

1.2. Estudio del efecto de la biofortificacién en el crecimiento de las plantas y formacidn de
biomasa.

1.3. Discusion de los posibles mecanismos de detoxificacion de las plantas tras la
biofortificacién con Se.

2. Determinacion de los niveles de Se, Hg, y As en la especie Clarias gariepinus (pez gato),
consecuencia de un posible problema de contaminacion medio ambiental. Esta especie, es
uno de los pescados mas consumidos por la poblacién de la ciudad de Sagua la Grande (Cuba).
En concreto, la determinacion del nivel de Se fue determinante, ya que el intervalo a partir del

cual pasa de ser esencial a téxico es muy estrecho.

134



Objetvos del Trabajo de Investigacidn

3. Identificacion y cuantificacidon de los selenocompuestos presentes en Clarias gariepinus.
Debido a las elevadas concentraciones de Se encontradas durante el desarrollo del objetivo
anterior, se considerd esencial evaluar los posibles riesgos asociados a la consumicién de esta

especie. En este sentido, fue necesario:

3.1. Optimizar una extraccién cuantitativa de especies de Se basandonos en el empleo de la
hidrélisis enzimatica y diferentes metodologias analiticas (extraccién asistida por
microondas, extraccién asistida por ultrasonidos e incubacién).

3.2. Llevar a cabo una cuantificacion precisa de los compuestos orgdnicos de Se mediante el

empleo de (ID) LC-IPC-MS.

4. Validacion de los resultados obtenidos de los estudios de especiacion de Se mediante el
empleo de: diferentes técnicas y metodologias analiticas basadas en protocolos de extraccidon
enzimatica y LC-ICP-MS, varios mecanismos de separacién cromatograficos, y materiales de

referencia certificados.

5. Evaluacion de los efectos bioldgicos desencadenados tras la interaccion entre las NPs de
Se y células de hepatocarcinoma humano (HepG2). La esencialidad del Se debido a sus
propiedades antioxidantes y anticancerigenas ha sido demostrada en numerosas ocasiones.
Sin embargo, se conoce muy poco sobre las propiedades que presenta este elemento cuando
se encuentra en forma de NPs. Debido a esto, se ha considerado interesante profundizar en la
interaccion entre las NPs de Se y las células. Dentro de este trabajo, los objetivos mas

concretos han sido:

5.1. Estudio de la viabilidad y proliferacion celular tras la exposicion a las NPs.

5.2. Visualizacién de la localizacidn de las NPs en el interior celular.

5.3. Identificacién de las proteinas involucradas en la interaccién NPs-células mediante la
aplicaciéon de una estrategia de proteémica cuantitativa basada en el marcaje isotdpico
estable de aminoacidos en cultivo celular (SILAC) y la espectrometria de masas (ESI-

MS/MS).

6. Caracterizacidon y cuantificacion de NPs de TiO, presentes en productos cosméticos

mediante el desarrollo de una metodologia analitica basada en AF-FFF-UV/ICP-MS.
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6.1. Discusion de las posibilidades y dificultades relacionadas con el uso de la técnica de
separacion AF-FFF para la cuantificacion de NPs. Optimizacion de parametros
experimentales e instrumentales.

6.2. Desarrollo de un método de calibracién “online” empleando estandar de naturaleza

guimica similar.

7. Paralelamente a los diferentes trabajos de investigacidon plasmados en esta memoria, uno
de los objetivos mas importantes ha sido la formacion profesional y personal continuada

mediante la realizacién de otras actividades cientificas que se recogen a continuacién:

7.1. Realizacién de revisiones bibliograficas enfocadas a profundizar en el estudio de las
selenoproteinas, y en las diferentes estrategias (bio)analiticas empleadas para evaluar el
impacto de las NPs en la salud humana y medio ambiente.

7.2. Supervision de la investigacion de estudiantes y participacion de forma activa en
actividades docentes.

7.3. Desarrollo de trabajos de investigacion complementarios (metodologias analiticas para
la determinacién de elementos traza) y colaboraciones con la industria.

7.4. Presentaciéon de 13 comunicaciones orales y en cartel en congresos nacionales e
internacionales.

7.5. Realizacién de 9 articulos publicados o en fase de publicacién.
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Capitulo I. Estudios de Bioacumulacion y Biotransformacion de Selenio en Plantas

El Selenio se considera un micronutriente esencial para humanos y animales, debido
principalmente a sus propiedades antioxidantes y a otras funciones biolégicas desempeiadas
por las selenoproteinas. Este elemento se incorpora a la cadena alimenticia a través de
cultivos vegetales, en los que sus niveles dependen en gran medida de su concentraciéon en el
suelo. En muchos paises, se ha aumentado la concentracién de Se en productos vegetales

destinados al consumo humano y animal mediante la biofortificacién de cultivos.

La capacidad de ciertas plantas para acumular y metabolizar el Se inorgdnico a formas
organicas depende de la biodisponibilidad de éste en el suelo y varia en funcion de la especie.
La familia de las Brassica son consideradas plantas acumuladoras de Se, y por lo tanto muy
adecuadas para llevar a cabo procesos de biofortificacidén. La especie Brassica napus (B. napus)
ha sido utilizada en la fitoremediacion de suelos, y su parte area, con un elevado contenido de
Se, ha formado parte de la dieta alimenticia de ganado bovino y ovino. Sin embargo, el
potencial de estas especies para asimilar y biotransformar Se en sus semillas se ha estudiado

en menor extension.

Los trabajos de investigacién que se presentan en este capitulo son el resultado de una
estrecha colaboracidon entre el Departamento de Biologia Aplicada de la Universidad de
Helsinki y el Departamento de Quimica Analitica de la Universidad Complutense de Madrid. La
finalidad de estos estudios ha sido el desarrollo de programas de biofortificacién de Se en
cultivos de B. rapa y B. napus, dos variedades de colza, cuyas semillas se utilizan en la
alimentacién ganado bovino y ovino. El primer trabajo (“Agronomic biofortification of
Brassica with selenium—enrichment of SeMet and its identification in Brassica seeds and
meal”. Plant and Soil, 337 (2010) 273) se ha centrado en investigar la eficacia de diferentes
procesos de biofortificacién (adicionando Se al suelo de cultivo o mediante aplicacién foliar)
evaluando la capacidad de las especies de Brassica para bioacumular y biotransformar Se.
Todos los andlisis se llevaron a cabo en la fraccion proteica de las semillas, denominada harina

de colza desgrasada (HCD), ya que suele ser incorporada a la dieta de los rumiantes.

Mediante el empleo de una hidrdlisis enzimdtica y posterior andlisis de los extractos por
LC-ICP-MS se ha podido constatar que ambas especies de Brassica son capaces de bioacumular
elevadas cantidades de selenio en la HCD, encontrdndose que mas de un 85% es
biotransformado a SeMet. La eficiencia de extraccion, en términos de cuantificacion y

estabilidad de especies, se evalué empleando diferentes metodologias analiticas (incubacién a
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temperatura controlada vs empleo de la energia de ultrasonidos (bafio y sonda)). Del mismo
modo, el uso diferentes mecanismos de separaciéon cromatograficos permitieron la correcta
identificacion de las especies. Paralelamente, también se estudiaron los efectos del Se en el
crecimiento y formacién de biomasa. Los resultados obtenidos de este estudio demuestran
qgue la biofortificacion de las especies de Brassica aumenta su valor nutricional debido a su

elevada capacidad de biotransformacion por parte de las plantas.

Nuestro estudio apoya el hecho de que las especies de Brassica son capaces de acumular
altos niveles de selenio sin mostrar sintomas de toxicidad. La razén de esto es principalmente
debida a que las especies tolerantes a Se presentan mecanismos para metilar los compuestos
SeCys y SeMet, y transformarlos en aminoacido no proteicos como la SeMeSeCys. Los estudios
llevados a cabo en el segundo trabajo (“The dynamics of selenium uptake and metabolism of
organic selenium species in the leaves and seeds of Brassica napus L.”. Plant Physiology
(Enviado)) se han focalizado en investigar las dinamicas de asimilacién de Se y sintesis de
compuestos organicos en la parte area y semillas de la especies B. napus previamente
biofortificadas. Los resultados obtenidos nos han permitido profundizar en los mecanismos de

detoxificacidn de esta especie.

En las plantas, el Se inorganico se transforma en Se organico mediante el mecanismo de
asimilacion del azufre, en el que estdn involucradas varias enzimas. En las plantas hiper-
acumuladoras, se ha observado que la selenocisteina metiltransferasa (SMT) es la enzima
responsable para la metilacion de la SeMet y SeCys a SeMeSeCys. Los bajos o imperceptibles
niveles de SeMeSeCys detectados en la parte drea y semillas de B. napus se debieron a falta de
actividad de esta enzima. El andlisis de una secuencia proteica de la SMT reveld la presencia
del aminoacido treonina (Thr) en el lugar del aminoacido alanina (Ala)-184. Esta sustitucion es
tipica de plantas no acumuladoras, incapaces de metilar la SeCys, y por lo tanto la responsable
de los bajos niveles de SeMeSeCys encontrados en B. napus. Este hecho sugiriere la existencia

de un mecanismo de detoxificacion alternativo.
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I.1. Biofortificacion Agrondmica de Brassica con Selenio. Suplementacion de SeMet y
su Identificacion en Semillas y Harinas de Colza Desgrasadas de Brassica

“Agronomic biofortification of Brassicawith selenium—enrichment of SeMet and its
identification in Brassica seeds and meal”.

Plant and Soil, 337 (2010) 273.

Parte de este trabajo se presento en:
“6th International Franco-Spanish Workshop on Bio-Inorganic Analytical Chemistry”. Pau,
Francia, Septiembre 2010. Tipo de presentacién: Comunicacién oral.
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Abstract Selenium (Se) is an essential micronutrient
and is circulated to the food chain through crops.
Brassica species are efficient in Se accumulation and
thus, good species for Se biofortification purposes.
The residual fraction obtained after oil processing of
Brassica seeds, the meal, is an important protein
source in animal diets and used in feed concentrates.
The accumulation of soil or foliar applied Se in the
seeds and meal of Brassica napus and B. rapa as well
as its effects on growth and yield formation was
studied in two field experiments. Also, a HPLC-ICP-
MS based method for the identification and quantifi-
cation of Se species in Brassica seeds and meal was
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developed. Selenium application did not affect the
yield or oil content. High accumulation of Se in the
seeds and meal (1.92-1.96 pg Se g ') was detected.
Biotransformation of inorganic Se was evaluated by
using HPLC-ICP-MS previous enzymatic hydrolysis
for species extraction. The Se speciation studies
showed that up to 85% of the total Se was SeMet
whereas other Se-species were not detected. We
conclude that the agronomic biofortification of Bras-
sica species can improve the nutritive quality of the
protein rich meal fraction as it contains significant
amount of SeMet.

Keywords Biofortification - Brassica napus -
Brassica rapa - Fertilization - Oil seed rape - Selenium -
SeMet - Speciation - Turnip rape

Introduction

Selenium (Se) is recognized as essential microelement
for humans and animals, mainly due to its antioxidative
properties and role in hormone balance (Schwartz and
Foltz 1957; Flohe et al. 1973; Rotruck et al. 1973).
Moreover, dietary Se concentrations that are either too
low or too high can be lethal to humans and animals
(Combs 2001). In plants, evidence of the beneficial
effects of Se on plant growth and stress tolerance is
increasing (Hartikainen 2005), but it has not been

@ Springer



274

Plant Soil (2010) 337:273-283

recognized as an essential micronutrient. Selenium is
mainly circulated to the food chain via crop plants and
feed, the Se concentrations of which are dependent on
the Se level of the soil. A sufficient content of Se in
feed for livestock is 0.05-0.1 mgkg ' DM whereas a
daily intake of 1 mgkg ' is toxic (Gissel-Nielsen
1998). In areas where the agricultural soils are low in
Se, the daily intake of Se by humans is low,
approximately 0.025 mgday ' (Hartikainen 2005).
Agronomic biofortification has successfully increased
the daily Se intake to 0.08 mgday ' in 2001 and
elevated the blood serum Se level of Finns from the
lowest in Europe (0.63-0.76 umol L") to an adequate
level (1.2-1.4 pmol L") (Hartikainen 2005).

The additional health benefits of Se, such as
improved immune system and reduced cancer risk,
require higher than the currently recommended daily
intakes (Rayman 2008). To reduce the incidences of
lung, prostate and colo-rectal cancers in humans, a
high Se concentration (200 ugday_l) in diet is
required (Combs 2001). Selenium can be supplied to
the food chain in either inorganic or organic forms.
The organic forms of Se are safer, their LDs, values
to rats being approximately 40 mgkg ', whereas that
of inorganic sodium selenate is close to 15 mgkg '
(Rayman 2004). The retention of organic Se species
in tissue is also better, and it is thought that stored
tissue Se can act as a reservoir, especially for
production animals (Rayman 2008). Selenium
enriched yeast (SY) is a feed additive that contains
approximately 70% of organic Se in the form of
selenomethionine (SeMet) (Rayman 2004). Selenium
enriched yeast has been shown to increase the total Se
concentration and blood Se status of production
animals more efficiently than sodium selenite and,
consequently to elevate the Se content of meat, milk
and cheese (Juniper et al. 2008, 2009; Phipps et al.
2008). Applied SY does not improve animal produc-
tivity, e.g. growth (Haug et al. 2008) or milk
production (Phipps et al. 2008), but it exerts a
beneficial effect on the food chain since meat and
dairy products are the main source of Se in human
diets (Hartikainen 2005).

Selenium circulated to the food chain via bioforti-
fication of crops is mainly in the form of organic
SeMet. The ability of plants to accumulate Se and
metabolize it into organic Se compounds is dependent
on soil available Se and sulphur (S) and varies among
plant species. Plants can be divided to Se non-
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accumulators, Se-indicators or Se-accumulators
(White et al. 2004 and references therein). Typically
plants contain less than 25 pg Se g ' DM, but the Se-
indicators can accumulate up to 1,000 ug Se g ' DM
and the Se-accumulators (e.g. few species of Astra-
galus) up to 2040 mg Se g ' DM. According to
current knowledge, the same transporters and
enzymes active in sulphur uptake and metabolism
are also responsible for Se metabolism (Pilon-Smits et
al. 2009) The Se hyperaccumulating plants may
however have specific transporters for Se uptake
(Pilon-Smits et al. 2009). Brassica species favour
sulphur, and the ability of B. napus to accumulate Se
as well has been utilized for the phytoremediation of
Se-rich soils. The harvested leaf material containing
up to 3.5 mg Se kg ' DM is then used as a dietary
Se supplement for sheep and cattle (Bafiuelos and
Mayland 2000). The Se accumulation in the seeds of
Brassica species has been studied less. Lyons et al.
(2009) reported that although the aerial parts of B.
rapa contained 250 pg Se kg~' DW, the concentration
in seeds was significantly lower, 150 pg Se kg ' DW.

To establish Se metabolism in plants, it is necessary
to carry out speciation studies. Species extraction is the
first stage of the process and the methods should prevent
species interconversion. In the case of Se, enzymatic
hydrolysis by using non-specific proteases such as
Pronase E is the method of choice, because it offers
the advantages of mild conditions and selectivity
(Moreno et al. 2001). However, the methodology is
extremely time-consuming and an alternative method
for reducing sample treatment time is the combination
of ultrasonic energy combined with enzymatic hydro-
lysis, the so-called enzymatic probe sonication (EPS)
(Capelo et al. 2004). The use of this combination
allows quantitative extraction of Se species in a short
time. The resulting extract is further analyzed for
species separation, detection and quantification, mainly
by using the coupling HPLC-ICP-MS (Pederero and
Madrid 2009). One of the main challenges related to Se
speciation and the identification of individual Se-
species is the lack of available Se compounds as
standards. The loosely retained Se compounds can also
be easily co-eluted from chromatographic column,
leading to erroneous identification (Pederero and
Madrid 2009). Thus, the establishment of a the
protocol to circumvent these challenges is of a great
importance for correct and unambiguous Se species
identification in plants.
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The aim of this study was to investigate the
potential of B. rapa and B. napus to assimilate and
biotransform Se and to accumulate organic Se species
in their seeds. Special focus was on the protein
fraction of seeds, the oil-free meal which is an
important protein source in ruminant diets. A further
aim was to identify the main Se species accumulating
in Brassica seeds and meal and the nutritional value
of Se enriched Brassica meal as a source of organic
Se compounds in ruminant diet is discussed.

Materials and methods

The field experiments were carried out at Viikki
Experimental Farm, University of Helsinki, Finland
(EXP1) and at Kotkaniemi Experimental Farm, Yara-
Suomi Ltd., Finland (EXP2). B. rapa (Hilight) and B.
napus (4021B) were sown in separate experiments in
a completely randomized block design with four
replications. All 8 m? plots were fertilized at the time
of sowing with 100 kgNha ' and three application
levels of Se, 0, 5.6 and 20 g Se ha ' as Na,SeO,. The
composition of fertilizers were; N27-P0-K0-Mg4-Se0,
N27-P0-K0-Mg1-S4-B0.02-Se0.0015 and N26-PO-
K1-S3-Mg1-B0.02-Se0.005. A foliar spray of
Na,SeO,4 or Na,SeO; of 0 and 30 g Se ha ' was
applied a month after the sowing when the plants
were at rosette stage. Before sowing, the field was
treated with the pre-emergent herbicide Super Treflan
(Dow AgroSciences) and pesticide spray (Decis
25EC, Bayer CropScience) was applied as required.
The soil was characterized as silty clay soil with
pH 6.2 (EXP1) and as medium clay soil with pH 6.3—
6.4 and Se <0.01 mg L™' (EXP2).

During the growing period the following observa-
tions were made; density of seedlings (BBCH 12),
vitality of plants (BBCH 60) and the length of siliques
(BBCH 63). At the end of the growing season, ten plants
from each plot were collected for the analysis of plant
height and major yield components describing the
canopy structure: number of side branches and the
number of siliques in main branch and side branches.
Plots were harvested at maturity by threshing machine
(Massey Ferguson), and dried at 35°C to 9% moisture
content. The 1,000 seed weight (g) was determined and
the oil content was measured using NMS110 minispec
NMR analyzer (Bruker) using 20 g of seeds. Five grams
of seeds were used for the extraction of oil and

separation of the meal fraction. The seeds were shaken
and ground for 40 min in metal tubes containing 30 mL
of petroleum ether (Sigma-Aldrich) and three metal
balls. The liquid fraction containing oil was separated by
filtration and the meal fraction was dried at "80°C for
20 min.

Analysis of total selenium concentration

The Se concentration of the seed meal (Table 3, EXP1
and EXP2) was determined by the electrothermal
atomic absorption spectrophotometric method
(Kumpulainen et al. 1983). An in-house reference
sample was included for every analytical round. For
Se determination of seeds and meal (Table 5), ICP-
MS was used. Samples of approximately 0.2 g were
digested in a microwave oven by using 2.5 mL of
HNO; (65%) and 0.5 mL H,O, (35%). The solutions
obtained were diluted with ultrapure water up to
25 mL. The operating conditions for ICP-MS are
given in Table 1.

Separation, identification and quantification of Se
species

Selenium speciation in different samples was ana-
lysed by HPLC-ICP-MS after extraction of Se species
with enzymatic hydrolysis. Enzymatic hydrolysis was
performed by using two methods: incubation in a
controlled temperature incubator and ultrasonic probe.
In controlled temperature incubation, about 0.05 g of
sample were weighed into 5 mL tubes with 20 mg of
enzyme (Protease type XIV, Sigma-Aldrich, Stein-
heim, Germany) and 3 mL of 30 mM Tris solution
(pH 7.5) (Fluka). The tubes were incubated in a
gravity convection oven (Heraeus D-6450 Hanau,
USA) for 24 h at 37°C. In the ultrasonic probe
method a 0.05 g portion of sample and 3 mL Milli-Q
water were placed in a tube with 20 mg of Protease
XIV. The samples were sonicated for 2 min at 40%
ultrasound amplitude in a Sonoplus ultrasonic ho-
mogenizer (Bandenlin, Germany) equipped with a
titanium 3 mm diameter microtip and fitted with a
high-frequency generator of 2,200 W at frequency of
20 KHz. After proteolysis, the samples were centri-
fuged at 11,000 rpm for 15 min (Eppendorf Centri-
fuge 5804 R F34-6-38, Hamburg, Germany) using
10 KDa cut-off filters (Millipore, USA). The aqueous
extracts were filtered through a 0.22 pum filter.

@ Springer



276

Plant Soil (2010) 337:273-283

Table 1 Instrumental operating conditions for LC and ICP-MS

systems

ICP-MS parameters
Forward power
Plasma gas flow rate
Auxiliary gas flow rate
Nebulizer gas flow rate
Collision gas

Collision gas flow rate
Nebulizer

Spray chamber

Isotope monitored
Dwell time per point

Replicates

1,250 W

15 Lmin !

0.73 Lmin "

0.83 Lmin"'

93% He, 7%H

8.8 mLmin !

Meinhard

Impact Bead Quartz Spray
80ge, 78Se, 7°Se and *Se
200 ms

3

LC parameters
Anion exchange

Column Hamilton PRP-X100
(250%4.1 mm, 10 pum)

Mobile phase 0.2% citric acid, 2% methanol

(pH 5)
Injection volume 100 uL
Flow rate 1 mLmin !
Column temperature 25°C
Elution mode Isocratic

Size exclusion anion exchange
Column Shodex Asahipak GS-220HQ
(300%7.6 mm, 2 pm)

Mobile phase 25 mM ammonium acetate

(pH 6.7)
Injection volume 100 uL
Flow rate 0.7 mLmin*
Column temperature 25°C
Elution mode Isocratic

The resulting extracts were analysed by HPLC-ICP-
MS. The HPLC consisted of a PU-2089 HPLC pump
(JASCO, Tokio, Japan) fitted with a six-port injection
valve (model 7725i, Rheodyne, Rohner Park, CA,
USA) with a 100-uL injection loop. In order to get
unambiguous identification of the species, the extracts
from enzymatic hydrolysis were run through two
different chromatographic columns, a Hamilton PRP-
X100 (250%x4.1 mm, 10 um) column and a Shodex
Asahipak GS-220HQ (300x7.6 mm, 2 pum) column,
with different retention mechanisms: anion exchange
and a combination of size exclusion and anion
exchange, Analyses were performed by ICP-MS in
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time resolved analysis mode and the operating con-
ditions of LC-ICP-MS are summarized in Table 1.
Standard stock solutions of 1,000 mg L' of
selenomethionine (SeMet), selenomethylselenocys-
teine (SeMetSeCys) and selenocystine (SeCys,) (Sig-
ma) were prepared in ultra-pure water (18.2 M
em ') from a Milli-Q water purification system
(Millipore, MA, USA), and 3% hydrochloric acid
was added for better dissolution of SeCys, and
SeMetSeCys. Inorganic selenium solutions were
prepared by dissolving sodium selenite (Na,SeOs)
and selenate (Na,SeO4) (Merck) in Milli-Q water.
Stock solutions were stored at 4°C, whereas working
standard solutions were prepared daily by dilution.

Data analysis

The data was tested using analysis of variance (ANOVA)
in the GLM procedure of SAS version 9.1 (SAS Institute
Inc., Cary, NC). Significantly different means between
treatments were separated with Tukey HSD tests.

Results
Yield parameters and selenium content of Brassica meal

Both of the field experiments (EXP1 and EXP2) were
affected by the spring drought, but the densities of the
plant canopies were dissimilar at the two locations. EXP1
suffered from spring drought more severely and the
canopy was thin (73 to 86 plants m 2), whereas in EXP2
the canopy was dense (113 to 201 plants m™2) (Table 2).
The plants showed plasticity in the formation of yield
components; at low density the plants had more side
branches and siliques per side branch and yield
reduction was not observed (Table 3). In the dense
canopy of B. rapa in EXP2, the Se supplementation to
soil (6 g Se ha') followed with foliar application of
Na,SeO, was associated with a statistically significant
increase in the number of siliques in the main branch
(Table 2). A similar trend, although not significant, was
seen also in EXPI. In B. napus no effect on yield
components was observed. The increased number of
siliques in main branch in the Se-treated B. rapa was
not associated with a decrease in the seed size (Table 3).
As the number of seeds per silique was not calculated,
the influence of Se application on seed formation could
not be assessed.
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Table 2 Canopy density (number of plants m 2 '), plant
height (cm), number of siliques in main and side branches, and
number of side branches in B. rapa and B. napus plants

supplemented with Na,SeO, in soil Se0, Se6 and Se20 (0. 6 or
20 g Se ha ') and leaves as Na,SeO, (Se®") or Na,SeO; (Se*)
(30 g Se ha ') in two experimental locations (EXP1, EXP2)

B. rapa

B. napus

Density Height Siliques in

Side branch Siliques in

Density Height Siliques in  Side branch Siliques in

main branch side branch main branch side branch

EXP 1

Se0 82° 128 34.5° 4.6" 81.4° 83° 114* 2320 3.7 59.4°
Se0+Se®t  85° 129°  36.0° 4.9* 93.1° 732 108*  23.1% 3.7 49.0°
Se0+Se*t  75° 133 36.7° 5.4° 98.4° 75° 109°  22.4° 3.8° 61.7°
Se6 86° 125 33.3° 5.4 86.3% 80° 109*  22.9° 3.2 39.0°
Se6+Se®t 737 132°  36.2° 5.3° 111.5° 76 105*  22.4° 2.7% 32.1°
Se6+Se*t  78% 127 32.4° 45" 76.4° 77 103 24.6° 3.5° 52.1%
Se20 78° 130°  34.6° 48" 87.4° 76 107 23.2° 3.9° 40.4°
Se20+Se®" 827 133 38.1° 5.0° 102.3° 75° 109 24.7° 3.7 44.8°
Se20+Se*"  75° 127 33.7° 48" 93.9° 2% 108 26.2° 3.4° 46.4°
EXP 2

Se0 146* 114*  18.9° 2.7 37.3% 161° 99*  21.5% 2.3 32.9*
Se0+Se®  160° 115*  22.7%° 2.7% 33.5° 201 101°  22.3° 2.2° 34.8°
Se0+Se*t  168° 108 23.8® 2.7 46.8° 190 100  22.8 22° 33.8°
Se6 137° 107 26.9%® 3.3° 63.2° 175 105*  19.2° 2.1° 26.9°
Se6+Se®  113% 12 27.7° 3.0° 47.5° 179 108"  21.6° 2.1° 26.9°
Se6+Se*t  145° 115*  24.8° 2.9% 45.3° 190* 103*  20.3° 2.1° 22.6°
Se20 157° 113*  23.3%® 2.6° 37.5% 185 101*  20.8° 2.1° 27.0°
Se20+Se®"  148° 116 263 3.0° 47.20° 181°  102°  20.4° 2.3% 31.0°
Se20+Se*" 1237 113* 245 3.1% 4742 175° 102¢ 2220 2.3% 32.5°

Means (n=4) within a column followed by a different letter differ significantly (p<0.05, Tukey HSD). Experiments and columns are

tested separately

The Se application did not affect seed yield or oil
content of the seeds (Table 3). The level of Na,SeO,
applied to soil was reflected in the Se concentration in
the protein rich meal fraction. The foliar Se spray of
Na,SeO, solution alone was sufficient to increase the
Se concentration of the meal from 0.05 pug g ' to 0.54—
1.00 pg ¢!, and the low and the high Se soil
application increased it further to 0.88-1.15 nug g '
and 1.48-1.84 pg g, respectively. Foliar Na,SeO;
solution spray had a minor effect on Se content in the
meal. At any given dosage, the Se concentration of the
meal was slightly higher in B. rapa than in B.napus,
especially in EXP1. At the time of foliar spray, the B.
rapa plants had reached rosette stage at developmental
stage BBCH 33, whereas B.napus was still at BBCH 30.
As the target Se concentration of Brassica meal for feed
industry can be set to 1.0 ug Se g ', the level can be

obtained in both locations and species by supplementing
the soil Na,SeOy application (6 g Se ha ') with foliar
spray of Na,SeO, at the rosette stage. The total recovery
(grain and straw) of applied Se was measured for the
plots supplemented Se in soil. The Brassica seed yield
in these experiments was 2,000 to 3,200 kg ha ! and the
recovery of Se 5.5-6.0% (6 or 20 g Se ha ' in soil).

Selenium speciation studies

Similar Se concentration values were obtained from
both proteolytic and acid digestion, suggesting that
enzymatic hydrolysis was capable of extracting the
Se compounds from the samples using either the
ultrasonic probe or incubation bath (Table 4).
Enzymatic hydrolysis with ultrasonic probe sonica-
tion was selected for further studies since it drasti-
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Table 3 Yield (kg ha™ 1), 1,000 seed weight (sw, g), oil content
(%) and Se concentration of Brassica meal (ug g~' DW) of plants
supplemented with Na,SeO, in soil Se0, Se6 and Se20 (0.6 or

20 g Se ha ') and leaves as Na,SeO, (Se®") or Na,SeO; (Se*)
(30 g Se ha ") in two experimental locations (EXP1. EXP2)

B.rapa B.napus
yield 1,000 sw oil Se yield 1,000 sw oil Se
EXP 1
Se0 3,188° n.d. 39.1% 0.05¢ 2,473 nd. 40.3° 0.05°
Se0+Se®" 3,033% n.d. 39.0° 1.00%° 2,441*  nd. 40.2* 0.94°
Se0+Se*" 3,009° n.d. 39.2% 0.23°f 2,508*  nd. 39.6° 0.18°
Se6 3,184° n.d. 39.0 0.23°f 2,499°  n.d. 40.1° 0.24%
Se6+Se’ 3,087% n.d. 39.0° 1.15° 2,486  n.d. 40.3* 1.07%°
Se6+Se*” 3,170° n.d. 39.0 0.439%¢ 2,487  nd. 40.2° 0.38°%
Se20 3,109* n.d. 39.0° 0.60°% 2,475  nd. 40.3? 0.68"
Se20+Se"  3,103° n.d. 39.0° 1.84° 2,289°  n.d. 40.0° 1.48°
Se20+Se*”  3,206° n.d. 39.0° 0.79°¢ 2,418 nd. 40.4° 0.75"
EXP2

Se0 2,179° 2.4 45.0° 0.05° 22228 2.9 43.9° 0.05°
Se0+Se’ 2,061° 2.5° 44.5° 0.95° 2,173*  29° 43.6° 0.54°
Se0+Se*" 2,060° 2.4° 447 0.31% 2,306°  2.9° 43.0° 0.12°
Se6 1,862° 2.4° 44.5* 0.25% 2,330°  3.0° 43.7° 0.23%
Se6+Se’ 2,075° 2.5° 44.8° 0.88° 2233 3.0° 44.20° 0.89°
Se6+Se* 2,018* 2.4° 44.6° 0.50%¢ 2,351* 2.8 44.1* 0.35%
Se20 2,173 2.4 44.6° 0.76> 2,336 2.9° 43.3* 0.80°
Se20+Se®" 2,040 2.4° 44.3° 1.59° 2293 3.0° 44.2° 1.55°
Se20+Se*"  2,145° 2.4 44.7° 1.05° 2,151°  2.9° 44.0° 0.85°

Means (n=4) within a column followed by a different letter differ significantly (p<0.05, Tukey HSD)

Experiments and columns are tested separately. N.d. not determined

cally decreased the sample treatment time from 12 h
to 2 min.

Figure l1a and b show the chromatographic profiles
of Se standards and the enzymatically hydrolyzed meal
samples by anion exchange LC-ICP-MS, respectively.

Table 4 Total selenium concentration following different sample
preparation methods in B. rapa and B. napus seed meal from
plants supplemented with 6 g Se ha ' as Na,SeO, in soil and
30 g Se ha ! as foliar spray Na,SeO,. Means (n=3) = Stdev

Meal Acid Enzymatic hydrolysis
samples digestion (ng Se gfl)
(ngSeg ")
Ultrasonic Gravity convection
probe oven
B. rapa 2.24+0.20 2.40+0.07  2.24+0.06
B. napus 2.40+0.08 2.32+£0.30  2.15+0.12
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SeMet was identified by comparing the retention times
of standards and by spiking experiments. Other minor
species were found in Brassica meal by anion
exchange LC-ICP-MS, such as Se (VI) (Fig. 1b). A
second chromatographic column separation combining
anion exchange and size exclusion mechanisms
detected a peak corresponding to SeMet (Fig. 2a) in
the enzymatically hydrolyzed meal samples (Fig. 2b).
These results corroborate the data from the anion-
exchange column. The main selenocompound in all
meal samples tested was SeMet, regardless of Se
treatment applied to the plants. Similarly in the seeds,
the main accumulating Se compound was SeMet for all
treatments (Figs. lc and 2c).

The amounts of SeMet and SeO,> found after
each treatment along with mass balance are presented
in Table 5. Up to 80% of the total Se was assimilated
to SeMet and only traces of inorganic SeO4>  were
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detected. The Se application method and the Se
species added in the foliar spray did not affect the
percentage of SeMet in the total Se. Thus, the high
total Se concentration resulted also in a high SeMet
concentration in both the seeds and the meal. In the

4 Fig. 1 Cromatographic profile obtained by anion exchange
LC-ICP-MS for *Se corresponding to a Mixture of Se
standards containing 50 ug L' of each Se species standards
1. SeCys,, 2. SeMeSeCys, 3. Se (IV), 4. SeMet, 5. Se (VI). b
Enzymatic extraction of B. napus and B. rapa meal in plants
supplemented with 6 g Se ha 'as Na,SeO, in soil and 30 g Se
ha ' as foliar spray ¢ Enzymatic extraction of B. napus and B
rapa seeds in plants supplemented with 6 g Se ha ' as Na,SeO,
in soil and 30 g Se ha ' as foliar spray

plants given additional foliar Na,SeOy,, the accumu-
lation of SeMet ranged from 0.861 to 1.365 pg g .
The foliar application of Na,SeO, efficiently in-
creased SeMet concentration in the meal, whereas
that of Na,SeO; had only a small effect. When the
total Se fertilization increased from 6 to 20 g Se ha ',
the SeMet content rose from 0.199 to 0.567 ug g .
Thus, the foliar application of Na,SeO, alone was
more efficient resulting in 0.861 pg SeMet g '. The
two Brassica species did not differ in their efficiency
in assimilating the applied Se to SeMet.

The variation in the recovery of Se (%) was larger
while entire seeds (55-102%) than in the meal (66—
82%) samples, which challenges the interpretation of
the localization of Se within the seed. On average, the
seeds consist of 40% oil, and the remainder is mainly
in the forms of protein, carbohydrates and seed coat
fraction which is called the meal. The results show
that most of the Se accumulated in the seed was in the
meal components.

Discussion

There is increasing evidence that Se can have
beneficial effects on the growth, yield formation and
stress tolerance of plants (Hartikainen 2005). The
physiological, biochemical or molecular mechanisms
behind the stimulated growth and improved tolerance
have not yet been determined. Nevertheless, enhanced
antioxidant capacity (reviewed in Hartikainen 2005)
and more efficient accumulation of carbohydrates
(Turakainen et al. 2004) are thought to be contributing
factors in the better performance of the plants. In
greenhouse experiments (Lyons et al. 2009), where
the cross-contamination of control plants by volatile
Se compounds was carefully restricted, Se increased
the seed production of Brassica rapa and there were
positive effects of Se on the germination of Brassica
seeds and pollen viability of the flowers. In the
present study, no yield improvement or changes in the
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Fig. 2 Chromatographic profile obtained by size exclusion
anion exchange LC-ICP-MS for #°Se corresponding to a SeMet
standard, 50 g g '; b Enzymatic extraction of B. napus and B.
rapa meal in plants supplemented with 6 g Se ha ' as Na,SeO,
in soil and 30 g Se ha ' as foliar spray ¢ Enzymatic extraction
of B. napus and B rapa seeds in plants supplemented with 6 g
Se ha ! as Na,SeQy in soil and 30 g Se ha ' as foliar spray
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oil concentration were attributed to the Se treatment
of either B. rapa or B. napus plants. However, the
plant morphology was affected. In the Se—treated B.
rapa, more siliques tended to be formed in the main
branch rather than in side branches. This indicates that
the availability or distribution of carbohydrates within
the plant could be altered. Supporting observations
were obtained in a greenhouse experiment in B. rapa
(data not shown). Lyons et al. (2009) reported on
positive responses of seed yield to Se in greenhouse
experiments but not in the field. The discrepancy may
have been due to trace amounts of Se in the field soil.
In our study, the field experiment was conducted in
soils that have been fertilized with Se in previous
years, and trace amounts of Se (0.05 pg Se g )
accumulated in seeds and meal of control plants. As
compared to the greenhouse experiment, where yield
benefits were detected, the Se concentration of the
seeds was only 0.004 pg Se g ' in the control plants
(Lyons et al. 2009). Thus, the trace amounts of Se in
soil may have been sufficient for the yield formation
also in the present field experiment.

Both Brassica species accumulated high amounts
of Se in the protein fraction (meal) of the seed. The
total recovery of applied Se to seeds and straw was
approx. 6% which is lower than the 20-35% of Se
recovery reported for wheat by Broadley et al. (2010).
The substantially lower seed yield of Brassica (2 to
3 tha ') compared to winter wheat (6 to 10 tha ')
most probably explains these differences in Se
recovery. Sprayed Na,SeO,4 and Na,SeO; were both
substantially metabolised into SeMet, and up to 85%
of Se was in the form of SeMet. The dominance of
SeMet as the main Se species in both meal and seeds
implies that processing of Brassica seed to defatted
meal does not alter the SeMet originally present in
seeds. The percentage of total Se as SeMet was the
same as that in the selenised yeast used in feed
additives (see e.g. Rayman 2004). The SeMet
content in meal increased to 0.86 pug g ' when
Na,SeO4 was applied as foliar spray and the soil
application of 6 or 20 mg Se ha™' elevated the level
further to 0.98 and 1.37 pg g ', respectively.
Without Se application, only traces of SeMet were
detected in the meal. In feeding experiments with
SY, where positive effects on blood GSH-Px activity
have been reported, the Se content of the concentrate
blends were 0.98-1.98 mg Se kg ' DM, resulting
0.30-0.51 mg kg " in the mixed feed (Juniper et al.
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Table 5 Concentration of SeMet (ug g '), inorganic selenate
(ug g "), total Se (ug g™") and ratio of SeMet to total Se (%) in
the meal and seeds of plants supplemented with Na,SeO, in soil

Se0, Se6 and Se20 (0. 6 or 20 g Se ha™ ) and leaves as NaZSeO4
(Se®") or Na,SeO, (Se‘”) (30 g Se ha™ ) in EXP1

B.rapa B.napus
SeMet Sef* Total Se SeMet/ R (%)  SeMet Sef* Total Se SeMet/ R (%)
Se Se

Meal
Se0 0.033£0.002  0.003=0.000 0.046+0.005 72 79+5  0.047+0.003 0.003+0.000 0.060+0.010 78 84+5
Se0+Se®”  0.861+0.052 0.055+0.003 1.137+0.050 76 8145  0.793+0.048 0.026+0.002 1.235+0.075 64 66+4
Se0+Se*"  0.237+0.015 - 0.327+0.025 72 72+£5  0.192+0.008 - 0.250+0.020 77 77+3
Se6 0.1990.011 - 0.268+0.019 74 74+4  0.199+0.018 - 0.245+0.034 81 81+7
Se6+Se®  0.988+0.014 - 1.445+0.080 68 68+1  0.951+0.023 - 1.345+0.095 71 7142
Se6+Se*”  0.388+0.016 0.057+0.002 0.571+0.020 68 78+3  0.301+0.019 0.028+0.002 0.428+0.040 70 77+5
Se20 0.567+0.028 0.038+0.002 0.779+0.050 73 78+4  0.581+0.023 0.032+0.001 0.817+0.070 71 7543
Se20+Se®”  1.365+0.038 - 1.958+0.090 70 70+£2  1.198+0.024 - 1.454£0.090 82 8242
Se20+Se*" 0.749+0.021 - 0.932+0.070 80 80+2  0.783+0.047 0.004+0.000 1.042+0.085 75 7545
Seed
Se0 0.141+0.020 - 0.170+0.024 83 83+12  0.042+0.003 - 0.076+0.006 55 55+4
Se0+Se®"  1.005+0.023 - 1.521£0.035 66 661  0.427+0.017 - 0.659+0.021 65 65+3
Se0+Se*"  0.226+0.018 - 0.410+0.032 55 554  0.118+0.008 - 0.171+0.012 69 69+5
Se6 0.380+0.008 0.042+0.002 0.433+£0.009 88 97+2  0.120+0.004 - 0.169+0.005 71 71+2
Se6+Se®  1.612+0.096 0.057+0.005 1.586+0.095 100 105+7  0.525+0.026 - 0.657+0.033 80 80+4
Se6+Se*  0.565+0.032 - 0.739+0.042 76 764  0.254+0.013 - 0.391+0.018 65 65+3
Se20 0.864+0.026 - 1.149£0.036 75 75£2  0.314=0.018 - 0.474+0.030 66 66+4
Se20+Se®  1.885+0.050 - 1.921+0.052 98 98+3  1.067+0.056 - 1.095+£0.060 97 97+5
Se20+Se*"  0.814+0.047 - 0.890+0.050 91 91+5  0.459+0.027 - 0.452+0.024 100 102+6

# Average value + standard deviation (n=3)

® Recoveries calculated by comparing the sum of species with values of total Se obtained by acid digestion

2008). The Se-enriched Brassica meal can be used
up to 50% as protein source in feed concentrates and
it can significantly increase the amount of SeMet in
ruminant diet.

Se accumulation was greater when Na,SeO, rather
than Na,SeO; was used in foliar application. This
finding agrees with previous studies with Indian
mustard (B. juncea) where Se-enrichment with
Na,SeO, proved to be more efficient than that with
Na,SeO; (Montes-Bayon et al. 2002). In general,
Brassica species can accumulate high concentrations
of Se, and canola (B. napus) leaf material can contain
as much as 3.5 mg Se kg~ (Bafiuelos and Mayland
2000). The Se tolerance in plants is thought to be
related to the synthesis of non-structural selenoamino
acids, allowing them to accumulate high amounts of
Se without symptoms of toxicity (Ximenéz-Embum et
al. 2004). The accumulated SeMet can be incorporat-

ed into proteins, associated to biomolecules (Ruiz
Encinar et al. 2003), or trapped in the cell walls
(Polatajko et al. 2004), which are also the main
components of the Brassica meal.

In the present study, methodology based on the use
of HPLC-ICP-MS was optimized for seed and meal
samples. The use of enzymatic probe sonication
allowed quantitative extraction of Se species in a
short period of time (2 min). No differences were
observed in the chromatographic profiles when
comparing the enzymatic hydrolysis using either
control temperature incubator or ultrasonic probe
(data not shown) showing that the use of the
ultrasonic probe not only allowed quantitative extrac-
tion of species but also prevented species transforma-
tion. The action of ultrasound enhances the cleavage
of proteins and complex structures (Capelo et al.
2004) and it has been successfully applied for samples
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as diverse as vegetables (Pedrero et al. 2008), meat
(Cabanero et al. 2005) and selenized yeast (Capelo et
al. 2004). Despite the good results obtained previous-
ly, the methodology should be validated for each
particular sample. Previous studies have shown that
the main organic Se compound in the leaves, flower
structures and roots of Se-enriched broccoli (B.
oleracea) was selenomethylselenocysteine (SeMeS-
eCys) and not SeMet (Pedrero et al. 2008). Similarly,
SeMeSeCys was the main Se compound also in Se-
enriched garlic, onion and leek, whereas SeMet and
selenate were the predominant Se species in cereal
grains (Zhu et al. 2009) and potato tubers (Cuderman
et al. 2008). In Brassica, the reported Se specification
studies have been done with fresh leaf material and there
are no other reports on Se species composition in seeds.
The lack of other Se species in the seeds and meal may
be due to instability of these compounds during seed
drying and oil extraction. Results on rice indicate that
the endosperm can accumulate SeMeSeClys if the seed
Se concentration is high, up to 8 mg Se kg ' DW
(Williams et al. 2009), so the retranslocation to seeds
may not be the limiting factor for the accumulation of
SeMeSeCys in Brassica.

The field experiments conducted in this study
show that while Se application may not affect the
quantity of Brassica seed or oil yield, it has a
significant positive effect on the yield quality, as the
valuable SeMet in the seed protein fraction in-
creased. The Se species were successfully validated
by the use of two chromatographic separation
mechanisms that allowed a proper identification of
SeMet and the performance of mass balance. The
presence of other Se species was not detected in
either seeds or meal, which may have been due to the
degradation of unstable Se species during drying and
processing of the seeds. Our results show that the
agronomic biofortification with Se can improve the
nutritional quality of Brassica meal and the capacity
of Brassica species to accumulate Se gives an
attractive option for increasing the SeMet concen-
tration of animal diets.
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Abstract

Selenium (Se), an essential micronutrient for humans and animals, is converted in plants from
inorganic Se to various organic Se compounds via sulphur (S) assimilation pathway. In Se
hyperaccumulators, the synthesis of non-protein Se amino acids such as anti-carcinogenic
selenomethyl selenocysteine (SeMeSeCys) is a key tolerance mechanism preventing the
incorporation of Se in proteins. Here we studied the ability of Brassica napus to synthesize organic
Se species from inorganic selenate/selenite (SeVI/SelV). Activation of APS 1-3 and SMT gene
homologues were monitored concomitantly with the accumulation of organic Se species 6 h, 7d and
14 d after Se application to follow the kinetics of Se metabolism. After 6 hours a 2—fold increase in
transcript levels was detected together with accumulation of selenomethionine (SeMet)(15 %) and
SeMeSeCys (4 %). After 14 d 33 pg Se g™ DM had accumulated, 33 % as SeMet, 60 % as SeVI
whereas SeMeSeCys was no further detected. In seeds and protein-rich meal SeMet was the main
organic Se compound (53 to 94 %). Analysis on the putative B. napus SMT protein sequence
revealed a substitution typical for non-accumulators and may explain the low SeMeSeCys
accumulation in B. napus. Selenium seems to activate the synthesis of nutritionally valuable
SeMeSeCys in B. napus, but the capacity of this Se detoxification pathway is limited. Thus, the
absence of SeMeSeCys in the seeds may not be due to poor translocation from leaves but rather
explained by low level of synthesis accompanied probably with rapid volatilization of methylated

Se compounds.

Key words: selenomethionine, selenomethyl selenocysteine

Abbreviations of long chemical names:
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Introduction

Selenium (Se), an essential microelement for humans and animals, is circulated to food chain via
crop plants. However, its global distribution in rocks and soils is uneven resulting in areas where the
cultivated crops and locally produced foods and feeds are either deficient or toxic in Se
(Hartikainen 2005, Rayman 2008b). In areas of deficiency, such as in Finland, the adequate intake
of Se (80 ug Se day™) by humans is ensured by Se biofortification where the target Se content of
main cereals has been set to 0.1 mg Se kg™ DM (Eurola et al., 2011). In some studies, higher daily
intake of Se (up to 200 pg Se day™) have been shown to give additional health benefits such as
reduced cancer risk and improved immune system (Rayman 2008b). Selenium can be provided to
food chain in inorganic or organic forms. Organic Se species are less toxic and they have a better
retention in human and animal tissues (Rayman 2008b). The most abundant organic Se form is
selenomethionine (SeMet) which is also the main form e.g. in the seeds of Se biofortified Brassica
rapa and napus plants (Seppénen et al., 2010). Thus, the crop plants have an important role in

converting the inorganic Se provided in fertilizers into valuable organic forms.

Plant species differ in their ability to uptake and assimilate Se and can be divided into non-
accumulators or accumulators (reviewed in Terry et al., 2000). Non-accumulators contain typically
less than 25 pg Se g DM whereas accumulators may contain 20 to 40 mg Se g™ DM. Brassica
juncea and B. napus belong to a group of species between non-accumulators and accumulators, so
called Se indicators or secondary accumulators (Bafiuelos et al.,, 1997). These species can
accumulate up to 1 mg Se g DM. The Se concentration is dictated by the bioavailability of Se in
soil or growth media. Actually, many Brassica sp. can accumulate more than 1 mg Se g™* DM when
growing in high-Se soil (Bafiuelos and Mayland 2000) or when growing in low-Se soil a transient

accumulation of high Se levels can be measured (Seppénen et. al., 2010). Some species such as
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Astragalus bisulcatus are also able to accumulate high amounts of organic non-protein
selenocompounds such as selenomethyl selenocysteine (SeMeSeCys) (reviewed in Ellis and Salt
2003). SeMeSeCys has chemotherapeutic properties in humans and at the moment is the most
valuable organic Se species known (Rayman 2008a). The analytical procedure of these organic Se
species in plant material is, however, challenging. The most critical step is sample preparation and
separation of Se species. It can be done by non-specific proteases such as Protease E or by
combination of enzymatic hydrolysis with ultrasonic probe sonication (Seppanen et al. 2010). The
method has been used successfully in identification of SeMeSeCys and SeMet in the leaves and
flower structures of Se-enriched broccoli (Pedrero et al., 2007). In the seeds or protein-rich meal of
Brassica other organic Se species than SeMet was not detected may be due to instability of these

compounds and losses during drying and oil extraction processes (Seppénen et al., 2010).

In plants, the chemical similarity between SeV1 and sulphate allows these anions to be taken up and
assimilated through the same Se/S pathway. Selenate is taken up by high-affinity sulphate
transporters in roots (Sors et al., 2005a, White and Broadley 2009) whereas phosphate transporters
are active in SelV transport (Li et al., 2008). Selenate uptake is activated by adenosine triphosphate
sulphurylase (APS) and then reduced to SelV by APS reductase. An overexpression of APS gene in
Arabidopsis results in increased Se content and assimilation in transgenic plants and it is proposed
to be the bottle-neck of Se assimilation in plants (Pilon-Smits et al., 1999). Also the activity of APS
reductase has a key role in controlling the flux through Se/S assimilation pathway (Vauclare et al.,
2002). Selenite is further reduced to selenide by sulphite reductase and then incorporated in serine
by cysteine synthetase to form SeCys. SeMet is synthetized from SeCys and O-phosphohomoserine
in multiple chemical reactions involving enzymes such as cystathione y-synthase, cystathione [-

lyase and methionine synthase (Terry et al., 2000).
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Many Astragalus and Brassica species can accumulate high amounts of Se without any symptoms
of toxicity. The current understanding is that the Se sensitive species incorporate SeCys and SeMet
in proteins whereas the Se tolerant species have mechanisms to methylate them to small non-protein
amino acids such as SeMeSeCys (Brown and Shrift 1981). Also, plant’s ability to accumulate Se
correlates strongly with its capacity to biosynthetize these non-protein amino acids (reviewed in
Sors et al.,, 2005). In a Se hyperaccumulator A. bisulcatus, an enzyme responsible for the
methylation of SeMet and SeCys into SeMeSeCys is called selenocysteine methyltransferase (SMT)
(Neuhierl and Bock 1996). SMT enzyme shows a high degree of homology in accumulator and non-
accumulator plants but the enzyme lacks SMT activity in non-accumulators resulting in low or non-
detectable levels of SeMeSeCys (Sors et al., 2009). In addition, a site-directed mutagenesis
approached showed that a crucial amino acid mutation alanine (Ala) to threonine (Thr) was

responsible of specific capacity to methylate selenocysteine (SeCys).

Brassica napus is a Se secondary accumulator which seeds are an important source of vegetable oil
and protein for humans and animals. The potential of B. napus to synthetize organic Se compounds
is not known yet. The study was undertaken to investigate the dynamics of Se uptake and synthesis
of organic Se compounds in the leaves and seeds of B. napus. Based on the results the Se

detoxification mechanisms in B. napus are also discussed.

Material and methods

Plant material and experimental conditions

The plants were grown in greenhouse (16/8 h day/night) in 1.5 L pots containing a sand:quartz sand
mixture (900 g sand:400 g quartz sand) and supplied with following nutrient-compounds given in

total as mM: NH4NO3 222.9, CaHPO, 50.3, KH,PO,4 67.1, MgSO, 65.0, H3BO3 9.6, (NH4)sM07024
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0.5, CuSO4 0.8, ZnCl; 1.6, EDTA 3.7, MnCl, 4.7, Ni(NO3), 0.9. The nutrients were given in two
applications: 2/3 at the sowing and 1/3 two weeks later. Five Brassica napus (cv. 4021B) seeds
were sown were and thinned after germination to one plant pot™. Four weeks after sowing, 0 or 65
UM of Na,SeO, (130 pg Se plant™) was added to the soil, and at the same time 0 or 100 uM of
either Na,SeO, or Na,SeO; (30 pg Se plant™) as a foliar spray. The pots were arranged in a
completely randomized block design with four replications with eight plants per treatment in each

replication. Three similar experiments were carried out.

Plant growth and harvest

Plant development was followed according to BBCH scale and the changes in leaf chlorophyll
content of marked leaves (n = 4-5 plant™) was monitored weekly using Chlorophyll meter SPAD-
502 (Minolta, Japan). Leaf samples of the same age were harvested and rinsed for RNA and Se
analysis after 6 hour, 7 and 14 days after Se application as well as during harvest. At harvest plant
height was measured and main yield components (number of side branches, the number of siliques

in main branch and side branches) were counted from five plants per treatment.

Gene expression analysis

For RNA-extractions, one upper leaf was harvested 6 h, 7 and 14 days after the Se treatment. The
RNA was extracted using TRI REAGENT® (Applied Biosystems) according to the manual. The
possible DNA contamination was removed by DNase | digestion (SuperScript™ I1I CellsDirect
cDNA Synthesis System, Invitrogen). The cDNA was synthesized according to the manufacturer's

instructions (SuperScript™ 111 Reverse Transcriptase, Invitrogen) using 1ug of total RNA and oligo
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(dT)1g primers. RNA complementary to the cDNA was removed by treatment with 1 pl of (2 units)

E.coli RNase H, and incubation at + 37 °C for 20 min.

The primers for sulphur metabolism genes in B. napus were designed against to the corresponding
gene sequences. For the internal control g-actin (F946 -ATCGTCCTCAGTGGTGGTTC, R1049 -
GCGACCACCTTGATCTTCAT), primers were designed against sequence (GenBank AF111812).
For APS1 (F373 - AACATGTCGGTGCCTATCGT, R482 - AGGATAGCGACGGGATTACC),
APS2 (F236 TCTCTTGCTTCACCCTTTGG, R341 CGGGTCAAGAACTCCATCTT), and APS3
(F188 - TCCGGAAAGAGCTTGAGAAA, R289 - GGCGAGTGTCAGTCATGAGA) primers
were designed to the following sequences GenBank U68218, EE463359 and EV120399
respectively. And for the SMT (F279- ATCTCCAGCGCTTCTTACCA, R39% -
TGCGAGCTTCACATGCTATT) against the corresponding EST: JCVI_9670

(http://brassica.bbsrc.ac.uk/). A new set of primers (F385 5’-ACCAGGCCACGATTCAGGGGT-3’,

R1216 5°- ACGTGAGTGAAGGTGGAGGAGGA-3’) were designed to study the potential Ala-184
to Thr replacement in SMT protein sequence (Sors et al. 2009) in a putative SMT protein of
Brassica napus. A 648 nucleotide long sequence was sequenced and translated to amino acid

sequence using translate tool (http://web.expasy.org/translate/) and a Clustal W

(http://www.genome.jp/tools/clustalw/) comparison was made between B. napus, B. oleracea

(AY817737.1) and A. bisulcatus (AJ131433.1) SMT-homologues.

Primer testing was done using 50 pl PCR reaction which contained 0.5 U of Tag polymerase
(DyNAzyme |1, Finnzymes, Finland), 1 x buffer (DyNAzyme™), 0,2 umol of each primer, 200
pmol of dNTPs and 100 ng of genomic DNA. PCR was perfomed (Eppendorf Netheler- Hinz,
Hamburg, Germany) in the following conditions: 5 min at 95°C, followed by 35 cycles of 30 s at
94°C, 45 s at 57°C and 90 s at 72°C. The PCR fragments were excised from 1% TAE agarose gel

and purified using QIAquick® gel extraction kit (QIAGEN, Hilden, Germany), and cloned into the
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pCR®2.1-TOPO cloning vector (Invitrogen, Carlsbad, CA, USA) according to manual. Cloned
fragments were sequenced at the Institute of Biotechnology (University of Helsinki) for the

verification of a correct amplification product.

Quantitative real time PCR analysis was carried out in Light Cycler® 480 Real-Time PCR System
(Roche Applied Science). A 20 pl reaction contained 10 pl of DyNAmo™ (Finnzymes, Finland)
SYBR® Green master mix, 0.5 uM of each primer, 100 ng of cDNA and 0.4 pl of passive ROX-
dye. All primers were tested in a cDNA-dilution series (1, 5, 10, 25, 50 and 100%) using the
following program: 95 °C 15 min, 40 x (94 °C 10 s, 59 °C 30 s and 72 °C 30 s), with a melting
curve 95 °C 155, 60 °C 20 s and 95°C. Efficiency (E) values for the APS1, APS2 APS3, SMT and S-
actin primers were 2.07, 1.92, 2.15, 2.11 and 2.03. Expression levels of target genes were
normalized using p-actin as a reference gene and the relative expression was calculated using

27T method (Livak & Schmittgen 2001).

Selenium analysis

For the determination of total Se concentration the plant samples were dried overnight at + 70 °C
and the analysis was done with the electrothermal atomic absorption spectrometric (AAS) method
of (Kumpulainen et al., (1983) (Model 5100 Zeeman spectrometer, Perkin Elmer, USA) connected
to a graphite furnace (Model HGA 600 Perkin Elmer, USA) and equipped with a model AS-60
autosampler (Perkin Elmer, USA). The accuracy of the measurement was confirmed by including
an in-house reference sample to every se of samples. Selenium speciation in different samples was
analysed by HPLC-ICP-MS after extraction of Se species with ultrasonic probe assisted-enzymatic
hydrolysis. About 0.05 g of plant material and 3 mL Milli-Q water were placed in a tube with 20
mg of Protease XIV (Sigma-Aldrich, Steinheim, Germany). The samples were sonicated for 2 min

at 40% ultrasound amplitude in a Sonoplus ultrasonic homogenizer (Bandenlin, Germany) equipped
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with titanium 3 mm diameter microtip and fitted with a high-frequency generator of 2200 W at
frequency of 20 KHz. After proteolysis, the samples were filtered through a 0.22 pum filter. The
extracts were analysed by HPLC-ICPMS following the experimental conditions given in Table 1. In
order to assess the correct identification of Se species, two chromatographic columns: an anion
exchange column and a Shodex Asahipak column, that combine size exclusion and ion exchange
mechanisms, were utilized. Standard stock solutions of 1000 mg L' of SeMet, SeMeSeCys and
selenocystine (SeCys,) (Sigma) were prepared in ultra-pure water (18.2 MQ cm™) from a Milli-Q
water purification system (Millipore, MA, USA), and 3% HCI was added for better dissolution of
SeCys; and SeMeSeCys. Inorganic selenium solutions were prepared by dissolving sodium selenite
(Na,Se0s) and selenate (Na,SeO4) (Merck) in Milli-Q water. Stock solutions were stored at 4°C,

whereas working standard solutions were prepared daily by dilution.

Statistical analysis

The data was analysed using analysis of variance (ANOVA) in the GLM procedure of SAS version

9.1 (SAS Institute Inc., Cary, NC). Significantly different means between samples were analysed

with Tukey HSD tests.
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Results

Plant growth and development

Plant growth and senescence was monitored by measuring dry weight accumulation up to 14 days
of Se application and by recording the rate of development (BBCH, data not shown) and
chlorophyll content of senescing leaves (SPAD value, data not shown) until maturity. The results
showed that even a very high Se accumulation in leaves (33 pg Se g) (Table 3) did not delay the
development of plants. Also, no significant alterations in leaf senescence were observed in SPAD
values. After 14 days of application, Se treatment had decreased the DM accumulation from 4.1 g
DW plant™ in control plants to 3.6 g DW plant™ (-11 %) in plants treated with 65 uM Se plant™ in
soil (Figure 1). In general, foliar application of SelV resulted in more significant decrease in DM
accumulation the reduction being —18 % and -28 % in SelV and Se65/SelV treated plants,
respectively. However, the reduction in DM accumulation seemed to be transient since eventually
Se application had a slightly positive impact on seed yield (from +1 to +10%) (Figure 1). Selenium
treatment did not alter the plant architecture which could be observed as similar development of
yield components in all treatments (Table 2). Selenium treatment tended, however, to decrease the

number of side rachimes.

Activation of gene expression

Activation of the key genes of sulphur metabolism (APS1, APS2 and APS3) as well as gene
homologue responsible for the synthesis of SeMeSeCys, SMT, was followed in the leaves of B.

napus plants after 6 hours, 7 or 14 days of Se supplementation. In general, the expression of APS1
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was enhanced the most and over 5-fold increase in transcript levels were detected (Figure 2a). The
transcript accumulation of APS1 tended to be faster in plants which had been treated with foliar
SeVI or SelV. In those plants, a 4 — 5 fold increase was detected after 7 days of application whereas
in plants given Se65 in soil the expression peaked after 14 days of the treatment. Foliar application
of SeVI resulted in 5.5 — fold increase in APS1 expression levels whereas SelV only 3 — fold. When
SeVI was applied to soil, these differences in foliar treatments diminished. Alterations in the
expression of APS2 and APS3 were more modest but a 4 — fold increase in APS2 transcript levels
were detected after 14 days of Se treatment after foliar SelV or soil SeV1 applications (Figure 2b).
The form of Se did not affect the transcript accumulation of APS3 (Figure 2c). A 2 — 2.5-fold
increase in the expression of SMT homologue was detected in plants treated with 65 mM of Se (VI)
in soil, and the expression seemed to decrease if a foliar spray of Se(VI) or Se(IV) was applied

simultaneously (Figure 2d).

A partial SMT homologue of B. napus was cloned and the translated protein sequence was aligned
with corresponding sequences of Se accumulator A. bisulcatus and non-accumulator B. oleraceae
(Figure 3). The result shows that amino acid alteration of Ala-184 to Thr specific to Se non-
accumulators was found in B. napus SMT protein homologue. In addition, the SMT protein

sequence of B. oleraceae and B. napus has higher homology compared to that of A. bisulcatus.

Identification of selenium species in leaves and seeds

Se species analysis revealed the dynamics of Se assimilation in B. napus leaves (Figure 4). After 6
hours of SeVI supplementation in soil, 81 % of the Se was in leaves in inorganic form as SeVI. The

proportion of inorganic SeVI decreased to 60 % in 14 days. In parallel, the inorganic SelV was
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detected after 7 days, being significant after 14 days supplementation probably due to the intensive
activation of APS genes (Figure 2) and accumulation of SelV as an intermediate product of Se
assimilation. Simultaneously, the total Se content continued to increase from 18.72 to 33.00 ug g™
indicating that there was still Se available in soil for plant uptake (Table 3). It also indicates that the
assimilation of Se in organic compounds is efficient in B. napus as the proportion of SeMet
increased from 15 to 33 % after 6 hours or 14 days of application, respectively. SeMeSeCys
accumulation was detected already 6 hours after application and coincided with a 2 — fold increase
of SMT gene expression (Figure 2d). Although the SMT expression remained elevated, SeMeSeCys

content decreased in time and after 14 days no SeMeSeCys was found (Figure 4, Table 3).

The foliar spray of SeVI or SelV resulted in rapid accumulation of Se in leaves. As expected, after 6
hours of application the main forms of inorganic Se were SeVI and Se(1V) in SeVI treated and in
SelV treated plants, respectively (Figure 5a, b), After this period of time, the concentration of
inorganic selenium decreased with time due to its biotransformation to Se organo compounds, in
particular to SeMet and its oxidation product, selenomethionine selenium oxide, (SeOMet). In seeds
and meal, however, the main Se species was SeMet and as other Se species only traces of SeOMet

was detected (Figures 6-7).

Accumulation of Se species

Selenium uptake was very fast and after 6 hours of soil application (Se 65 uM) 18.72 ug Se g™ had
accumulated in the leaves (Table 3). Simultaneous foliar Se application of SelV increased the total

Se content faster than SeVI. Selenium was also more rapidly biotransformed to SeMet in SelV
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treated plants which could be seen as higher SeMet content after 6 hours of application (both 0 and
65/SeVI and SelV). After 7 days SeMet content of 0/SeVI and 0/SelV plants was decreased
probably due to plant growth and biomass accumulation (Figure 1) and restricted availability of
SeVI and SelV for SeMet biosynthesis. In general, the Se accumulation in plants applied with foliar
spray of SeVI or Se 1V was low compared to those treated with Se in soil (Table 3). Foliar spray
seemed to interfere Se uptake and SeMet synthesis as the Se content in 65/SeVI and 65/SelV plants
was lower than in plants which had given Se only to soil (Se 65 uM). Moreover, significantly lower
SeMet contents were measured after 7 days in 65/SeVI (2.04 ug SeMet g™*) and 65/SelV (5.54 g
Se SeMet g™') compared to Se 65 plants (7.03 pg SeMet g™). The expression of APS1 homologue
peaked earlier (7 days) in plants treated with foliar Se compared to 65/0 plants (14 days) (Figure
2a). Once foliar SeV1 or SeVI was applied together with soil SeVI application, the APS1 expression
was decreased radically and may in part explain the lower SeMet contents of 65/SeVI and 65/SelV

plants (Table 3).

As seen in chromatographic profiles, SeMet was the main organic Se compound in leaves (Figure 4
and 5) and the proportion of it from all Se species varied significantly between treatments and
sampling times (from 12 to 71 %) (Table 3). Accumulation of SeMeSeCys (2 to 4 % of total Se)
was detected in the leaves 6 hours after soil application of Se. The SeMeSeCys content decreased in
time being 1 — 2% and 0 — 2% of total Se after 7 and 14 days respectively. The expression of SMT
homologue was rapidly up-regulated after 6 hours of 0/SeVI and soil Se treated plants (Figure 2d)
but the expression level did not clearly correlate with the detected SeMeSeCys contents (Table 3).

Selenium application to soil resulted in high accumulation of total Se and SeMet in seeds and
protein rich meal (Table 4). Actually up to 94 % of Se found in meal was SeMet. Although the
content of inorganic Se species was high in the leaves nor inorganic SeVI or SelV was detected in

seeds.
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Discussion

In the literature accumulating results on the effects of Se on plant growth and yield formation are
somewhat contradictory. Selenium feeding improved the seed set in our experiment which was in
accordance with earlier results on B. napus by Lyons et al. (2009). In field experiments, however,
yield increases as a result of Se application have not been observed in Brassica (Lyons et al. 2009,
Seppdnen et al. 2010). The required Se content for plants may be lower than obtained under many
experimental conditions as the impurities in chemicals and especially from atmosphere as
volatilized Se-compounds may be adequate to support normal growth (Terry et al. 2000). In other
plant species, at low concentrations Se has been shown to enhance plant growth and DM
accumulation (Hartikainen and Xue 1999; Xue et al. 2001) or have no effect (Hartikainen et al.

1997, Djanaguiraman et al., 2010).

Selenium concentrations above certain threshold can cause growth reduction already without any
symptoms of toxicity (Lyons et al., 2005). The threshold for DM reduction is dependent on plant
species, chemical form of applied Se as well as on the availability of S in growth media (Lyons et
al., 2005, Terry et al., 2000). Andrew & Hegarty (1969) have defined 10 % reduction in DM
accumulation as a critical nutrient concentration for toxicity. Lyons et al., (2005) calculated in
greenhouse experiments 325 pg Se g™ DM (by using Se application of 2.6 mg kg™ soil) as a critical
Se concentration for wheat. In our experiment Se treatments resulted in transient -3 to —28 %
reductions in leaf DM accumulation after 14 days of application when Se accumulated rapidly in
plant tissue and the biotransformation to organic compounds was activated. The growth retardation
may have been due to metabolic disturbance caused by the rapid accumulation of inorganic Se and

conversion to organic compounds such as SeMet. Selenite, which is known to be more rapidly
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biotransformed to selenoamino acids than SeV1 (Sors et al., 2005a), caused more severe reduction

in B. napus growth.

The non-specific incorporation of selenoaminoacids into proteins and active sites of enzymes such
as glutathione peroxidase (GPX), contributes to Se toxicity in Se non-accumulating species (Brown
and Shrift 1981). In hyperaccumulators the increased Se flux through S assimilation pathway and
prevention of Se incorporation into proteins is an important Se tolerance mechanism. In
hyperaccumulators A. bisulcatus (Sors et al., 2009) and S. pinnata (Freeman et al., 2010)
mechanisms of Se-tolerance include constitutive high expression of SMT gene and high
accumulation of non-protein SeMeSeCys. Also the SMT enzyme activity correlates with Se-
methylcysteine (MeCys) and SeMeSeCys accumulation and Se tolerance (Sors et al., 2005b). On
the contrary, the main form of Se accumulation in secondary accumulator S. albescens was Se-
cystathione (Se-Cyst), a metabolic intermediate between SeCys and SeMet (Freeman et al., 2010).
The results on our SMT-gene sequencing and Se speciation analysis show that the Se metabolism of
B. napus resembles that of Se non-accumulators and secondary accumulators. At early stages of the
development even 90 % of Se can be incorporated in non-protein amino acids such as SeMeSeCys
in A. bisulcatus (Pickering et al., 2000, Pickering et al., 2003). In our experiments, up to 4 % of Se
was found as SeMeSeCys in B. napus 6 hours to 7 days after Se application. In non-accumulating
Astragalus species 4 to 14 % of total Se is bound in non-protein amino acids (Sors et al., 2005). The
moderate accumulation of SeMeSeCys in B. napus indicates that the incorporation of excess Se in
to non-protein amino acids is not efficient and thus, the transient growth retardation was detected as

the tissue Se content exceeded certain threshold.

The predicted partial SMT protein sequence of B. napus revealed homology to non-accumulating

species Astragalus drummondii, Astragalus crassicarpus and Astragalus leptocarpus in having
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tyrosine (Tyr) residue at position 148 instead of phenylalanine (Phe) (Sors et al., 2009). Moreover,
the Ala-184 Thr substitution indicates that the SMT enzyme in B. napus has no substrate specificity
to SeCys but rather it has a dual SMT/HMT (homocysteine methyltransferase HMT EG 2.1.1.10)
function and has ability to methylate both SeCys and HoCys (homocysteine). A. bisulcatus AbSMT
has high homology with the coding region of HMT enzyme, but due to Ala in position 184 appears
to be specific for the methylation of SeCys and lack the ability to methylate HoCys (Sors et al.,
2009). Flowering plants have a S-methylmethionine (SMM) cycle, where SMM is synthetized from
Met, converted to S-adenosylmethionine (AdoMet) and again back to Met. The last conversion step
back to Met is catalyzed by HMT (Mudd and Datko 1990, Ranocha et al., 2001). In non-
accumulators, the SMT/HMT dual function may provide an alternative pathway for methylation of
SeCys and HoCys and play unique role in plant Se and S metabolism (Lyi et al. 2007). The dual
SMT/HMT function in B. napus may contribute to the low level of SeMeSeCys and high SeMet
accumulation that was observed in this study and in case of SeMet also in our earlier studies
(Seppénen et al. 2010). It has to be also noted that SeCys, a substrate for SeMeSeCys synthesis was

not detected after Se application when significant amounts of SeMet was synthetized in leaf tissue.

In B. napus a 1.5 — 2 fold increase in SMT transcript accumulation was detected already after 6 h of
soil SeVI application. Lyi et al., (2007) showed that in Brassica oleraceae BOSMT gene expression
responded to applied SeVI whereas the highly homologous BoHMT was up-regulated by S status
and to a lesser extent by Met, SMM, homocysteine or cadmium. In Arabidopsis HMT2 gene was
activated by SeVI (Zhang et al., 2006) suggesting to a detoxification of SeCys via methylation to
prevent the incorporation into proteins (DeLuc et al., 2004). Methylated SeCys was not, however,
detected in those plants indicating to low abundance of the compound in Arabidopsis. The
accumulating organic Se-species in our experiment were SeMet, SeOMet and SeMeSeCys which

were the compounds also accumulating in wheat during short 24 h feeding with SeVI or SelV (Li et
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al., 2007). In B. napus no SeCys nor methylated SeCys was detected in SeVI treated plants. The
result suggests that neither the synthesis of SeCys nor the methylation of SeCys are the main
detoxification mechanisms of Se in B. napus or these molecules are labile and lost during extraction
and detection by HPLC-ICP-MS. The transient accumulation of SeMeSeCys and elevated SMT
transcription levels indicate that SeVI activates the synthesis of non-protein Se-amino acids in B.

napus, but the capacity of this Se detoxification pathway may be limited.

ATPS is a key enzyme of sulfate assimilation pathway in plants (Leustek and Saito 1999) which can
also be activated by SeVI (Renosto et al., 1993). The importance of ATPS and SMT activity on Se
metabolism has been verified by using transgenic approaches. Pilon-Smits et al., (1999) showed that
the overexpression of APS1 in B. juncea increases SeVI reduction as well as Se accumulation by
two-threefold. Also, the transgenic plants were more tolerant to Se. Overexpression of SMT also
increases Se tolerance and accumulation in Arabidopsis and B. juncea by detoxifying SeCys by
incorporating it into non-protein SeMeSeCys (LeDuc et al., 2004). Higher Se accumulation was
obtained in double transgenic B. juncea overexpressing both SMT and APS indicating that reduction

of SeVI by APS was the rate limiting step for Se assimilation (LeDuc et al., 2006).

Selenium activates the expression of genes on S assimilation pathway as it mimics S starvation in
plants (Terry et al., 2000, Freeman et al., 2010). The activation of S assimilation pathway by SeVI
differ between the two hyperaccumulators so that in S. pinnata S assimilating genes are
continuously up-regulated indicating that it has lost the ability to sense SeVI (Freeman et al., 2010)
whereas in A.bisulcatus and secondary accumulator S. albescens (Freeman et al., 2010), the
expression genes associated with S assimilation are induced by SeVI. S. albescens and B. napus,
which belong to Brassicaceae genus, are both classified as secondary accumulators of Se. S.

albescens growing in 20 UM SeV1 solution exhibited Se toxicity symptoms while accumulating up
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to 500 pg Se g DW in 16 weeks. In S. pinnata, Se accumulation continued through entire 16
weeks growing period resulting in approx. 3000 pg Se g* DW (Freeman et al., 2010). In our
experiment B. napus accumulated up to 33 pg Se g“DW in one week while growing in 65 pM SeVI
solution. The rate of Se accumulation was comparable with S. albescens which had accumulated
approx.15 pg Se g DW after one week (Freeman et al., 2010). In B.napus the expression of S
assimilating genes was activated by SeVI and SelV applications similarly to S. albescens. Already
after 6 hours of soil SeVI application a 1.5 to 2 — fold increase in APS1-3 and SMT transcript
accumulation was detected. APS1 responded most to applied Se showing up to 5-fold increase in the
transcript levels 7 d after application. In Arabidopsis the transcriptome analysis of SeVI treated
plants revealed a 5.9 and 0.25 —fold increase in APS3 and APS4 expression, respectively (Van
Hoewyk et al., 2008) whereas in S. pinnata APS1 and APS2 were constitutively up-regulated in
roots (Freeman et al. 2010). On the contrary in Arabidopsis APS1 was not affected by SeVI or SelV
treatments (Zhang et al., 2006). The amount and chemical form of applied Se as well as the feeding
time varies in these expression studies which can in turn explain why different isoforms of APS

genes are activated.

In B. napus soil SeVI1 was rapidly taken up and assimilated to SeMet. After 6 h of SeVI application
15 % of total Se was already biotransformed to SeMet. High rate of Se assimilation continued
through experiment and after 14 d 33 % of total Se was found as SeMet. Simultaneously the level of
inorganic SeV|I decreased from 81% (6 h) to 60% (14 d). When SeVI1 or SelV was applied to leaves,
significantly lower accumulation of SeMet was detected. SeOMet accumulated only in plants
treated with foliar Se. In wheat, a short 24 h feeding with SeVI and SelV resulted in low
accumulation of SeMet, SeOMet and SeMeSeCys in roots (Li et al., 2007). Interestingly, foliar
applied SeVI or SelV seemed to interfer root SeVI uptake. Similar results have been obtained in

wheat where soil applied SelV suppressed SeV|I uptake by roots (Li et al., 2007).
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In seeds and protein-rich meal fraction SeMet was the main Se-compound. Up to 67 and 94 % of
total Se was in form of SeMet in seeds and meal, respectively. In field experiment the proportion of
SeMet was also high ranging from 65 to 100 % in the seeds of B. napus (Seppénen et al., 2010). In
this experiment the Se content of seeds was 5 to 10 —fold and yet, the proportion of SeMet from
total Se was high. This indicates that the synthesis of SeMet in B. napus seems to be efficient and
that seeds are a strong sink for SeMet. Whether SeMet in seeds is incorporated in storage proteins

or it is as free amino acid is not known.

In SeVI and SelV leaves, seeds and meal SeOMet is also detected. SeOMet is a SeMet oxidation
product randomly produced by factors inherent to the analytical process such as: sampling, storage
and sample treatment. One of the main problems related with Se speciation is the lack of available
Se compound standards that makes it difficult to identify each individual species. In addition, the
hardly retained selenocompounds can easily co-elute from a chromatographic column leading to
erroneous identification. A proper identification of the peaks implies the application at least of two
chromatographic columns with different separation mechanisms. In order to assess a correct
identification of Se-peaks, all speciation studies were conducted by using two columns: an anion
exchange column (PRP X-100) and a Shodex Asahipak column, that combines size exclusion and
ion exchange mechanisms were utilized. Because of that, Se speciation measurements were
performed by using both separation mechanisms and the presence of SeMetO and SeMet is

unambiguously confirmed by the application of both chromatography techniques.

We conclude that Se activates S assimilation pathway rapidly in B. napus. The intensive Se uptake
causes transient growth retardation, activation of Se detoxification followed by modest synthesis of

a non-protein SeMeSeCys. The SMT enzyme in B. napus carries a Ala-184 Thr mutation causing a
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SMT/HMT dual function of the enzyme and may explain the low accumulation of SeMeSeCys.
Also, the main organic Se compound accumulating in the leaves and seeds was SeMet and the
substrate for SeMeSeCys synthesis, SeCys, was not detected. Transient accumulation of methylated
Se compounds indicate that the volatilization of Se compounds may be activated and function as a

detoxification mechanism in B. napus.
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Table 1. Instrumental operating conditions for LC and ICP-MS.

ICP-MS parameters
Foward power

Plasma gas flow rate
Auxiliary gas flow rate
Nebulizer gas flow rate
Collision gas

Collision gas flow rate
Nebulizer

Spray chamber

Isotope monitored
Dwell time per point
Replicates

HPLC parameters
Anion exchange
Column

Mobile phase

Injection volume

Flow rate

Column temperature
Elution mode

Size exclusion anion exchange

Column

Mobile phase
Injection volume
Flow rate

Column temperature
Elution mode

1250 W

15 L min*

0.73 L min*

0.83 L min*

93% He, 7%H

8.8 mL min

Meinhard

Impact Bead Quartz Spray
8035, 83e, "8Se and "“Se
200 ms

3

Hamilton PRP-X100 (250 x 4.1 mm, 10 pum)
0.2% citric acid, 2% methanol (pH 5)

100 pL

1 mL min*

25°C

Isocratic

Shodex Asahipak GS-220HQ (300 x 7.6 mm,
2 um)

25 mM ammonium acetate (pH 6.7)

100 pL

0.7 mL min™

25°C

Isocratic
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Table 2. Plant weight (g DW), height (cm) and number of the main yield components in Brassica
napus plants after 14 days of supplementation with 0 or 65 uM (130 g Se plant™) as Na;SeO, (Se
V1) in soil and 0 or 100 pM (30 pg Se plant™) foliar spray of either Na,SeO, (SeV1) or Na,SeOs;
(Se V). Total Se content of the plant is shown in Table 3.

Height Side rachimes  Siliquesin  Siliques in

main side rachime
rachime
0 106.6 4.4 25.2 70.3
0/SeVI 101.3 3.7 29.1 67.1
0/Selv 106.5 3.7 29.4 66.5
65 104.3 3.7 26.5 69.1
65/SeVI 102.1 35 27.4 67.1
65/SelV 103.1 3.7 25.6 71.4
n.s. n.s. n.s. n.s.

Numbers followed by different letters in the same column differ significantly at the 5% level by
Tukey’s test; n.s. non significant. n = 5.
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Figure 1. Dry matter accumulation (g) of Brassica napus treated with 0 or 65 puM (130 ug Se plant’
1) as Na,SeO, (Se V1) in soil and 0 or 100 uM (30 pg Se plant™) foliar spray of either Na,SeO,
(SeVI) or Na,SeOs (Se 1V). DM accumulation of leaves was measured after 6 hours (white), 7 days
(black) and 14 days (grey) of Se treatments and at maturity in harvested seeds (purple). Mean + SE,
n==6.
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Figure 2. Relative expression of a) APS1, b) APS2, ¢) APS3 and d) SMT genes after 6 hours (white)
, 7 days ( black) or 14 days (grey) of supplementation with 0 or 65 pM (130 pg Se plant™) as
Na,SeO; (Se V1) in soil and 0 or 100 pM (30 pg Se plant™) foliar spray of either Na,SeO, (SeV1)
or Na,SeOs3 (Se IV). Mean £ SE, n = 6.
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Figure 3. Partial protein sequence alignment of selenomethyltransferase (SMT) of Brassica
oleraceae (GenBank: AY817737.1). Astragalus bisulcatus (AJ131433.1) and putative SMT
sequence of Brassica napus. The Ala-184 residue unique to Se accumulator and replacement by Thr
residue in non-accumulators is bolded and indicated with an arrow.
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Figure 4. Chromatographic profiles obtained by anion exchange LC-1CP-MS for 2°Se corresponding
to enzymatic extraction of B. napus leaves after a) 6 hours, b) 7 days and c) 14 days of
supplementation with 65 pM (130 pg Se plant™) as Na,SeO, (Se V1) in soil. n = 3.
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Figure 5. Chromatographic profiles obtained by anion exchange LC-ICP-MS for ®°Se corresponding
to enzymatic extraction of the B. napus leaves supplemented with 100 pM (30 pg Se plant™) foliar
spray of either a) Na,SeO, (SeVI) or b) Na,SeO3 (Se V) after 6 hours, 7 days or 14 days of
supplementation. n = 3.

80000 ~

——6hours ----- 7 days 14 days
70000 -

60000 Se (V|)
50000

40000 +

CPS

30000 - SeOMSt Se (V)

20000 | SeMet

10000

Time/min

80000
Se (1V), ——6hours ----- 7 days - 14 days
i
70000 - :
60000 |

50000

40000 +

CPS

30000 - SeOMet 1
20000 4 Lo ~ SeMet

10000

Time/min

183



Table 3. Selenium content (Hg Se g™) and Se species analysis of Brassica napus leaves 6 hours, 7
days or 14 days after supplementation with 0 or 65 pM (130 pg Se plant™) as Na,SeO, (Se V1) in
soil and 0 or 100 puM (30 ug Se plant™) foliar spray of either Na,SeO, (SeV1) or Na,SeOs (Se V).

Selenomethionine (SeMet), selenomethyl selenocysteine (SeMeSeCys) and inorganic SeVI and
SelV were detected. The recoveries (R%) have been calculated by comparing the sum of species

with values of total Se obtained by acid digestion.

Total Se  SeMet SeMet Me Me SeVIi SeVI % SelV SelV % R %
% SeCys SeCys
%

6h
0 0.23f 0.10d 54b 0.00c Oc 0.07d 37d 0.04cd 9b 78¢c
0/SeVI 1.40e 0.11d 12e 0.00c Oc 0.84d 87a 0.01d 1de 70d
0/Selv 2.40d 0.36d 71la 0.00c Oc 0.06d 2.5e 0.09c 0.18a 21f
65 18.72¢ 2.83b 15d 0.81a 4a 14.84a 80b 0.00d 0.00e 99a
65/SeVI 20.85h 2.05¢ 16d 0.26b 2b 10.06¢ 80b 0.26b 1de 6le
65/SelV 23.04a 5.76a 29c 0.79a 4a 12.80b 64c 0.60a 3c 87b
7d
0 0.15d 0.08d 49a 0.00d Oc 0.04d 24c 0.04d 27a 100b
0/SeVI 0.30d 0.07d 37c 0.00d Oc 0.12d 63a 0.00e Oe 65d
0/SelV 0.30d 0.14d 41b 0.00d Oc 0.03d 9d 0.17b 49a 115a
65 22.15a 7.03a 33d 0.23a 1b 14.53a 66a 0.11c 1d 99bhc
65/SeVI 15.60b 2.04c 33d 0.12b 2a 4.00c 64a 0.06d 1d 40e
65/SelV 13.03c 5.54h 46a 0.06¢c 1b 6.15b 51b 0.37a 3c 93c
14d
0 0.13d 0.06d 46b 0.00b Ob 0.05d 36b 0.03d 17b 98ab
0/SeVI 0.27d 0.16d 59a 0.00b Ob 0.08d 30c 0.03d 11b 100ab
0/Selv 0.63d 0.13d 20e 0.01b 2a 0.05d 8d 0.46¢ 70a 103a
65 33.00a 7.70a 29d 0.00b Ob 17.37a 64a 1.93a 7b 82¢c
65/SeVI 12.90c 4.02¢c 32c 0.25a 2a 8.00c 65a 0.13d 7b 96b
65/SelV 22.03b 5.71b 32¢ 0.00b Ob 11.22b 6la 1.28b 7b 83c

Numbers followed by different letters in the same column differ significantly at the 5% level by

Tukey’s test; n.s. non significant. n = 3.
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Figure 6. Chromatographic profiles obtained by anion exchange LC-ICP-MS for ®°Se corresponding
to enzymatic extraction of the B. napus meal and seeds in plants supplemented with 65 uM (130 pg

Se plant™®) as Na,SeO, (Se VI) in soil and 100 pM (30 pg Se plant™) foliar spray of Na;SeO,
(SeVI).n=3.
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Figure 7. Chromatographic profiles obtained by size exclusion/anion exchange LC-ICP-MS for °Se
corresponding to enzymatic extraction of the B. napus meal and seeds in plants supplemented with
65 UM (130 pg Se plant™) as Na,SeO, (Se V1) in soil and 100 pM (30 pg Se plant™) foliar spray of

Na,SeOq (SeVI). n = 3.
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Table 4. Selenium content (ug Se g™) and Se specification analysis of Brassica napus seeds and
meal in plants supplemented with 0 or 65 pM (130 pg Se plant™) as Na,SeO, (Se V1) in soil and 0

or 100 uM (30 pg Se plant™) foliar spray of either Na,SeO, (SeVI) or Na;SeOs (Se 1V).

Selenomethionine (SeMet) and inorganic SeVI and SelV were detected. The recoveries (R%) have
been calculated by comparing the sum of species with values of total Se obtained by acid digestion.

Total Se SeMet SeMet(%) SeVIi R (%)
Seeds
0 05d Oe 0.0 62b
0/SeVI 0.3d 0.2d 67 0.0 59 bc
0/SelV 0.3d 0.2d 67 0.0 62 b
65 5.56 a 292D 53 0.0 53d
65/SeVI 5.05b 3.38a 67 0.0 67 a
65/SelV 441c 240¢c 54 0.0 55b
Meal
0 0.07c 0.04 c 57 0.006 a 79 bc
0/SeVI 0.27¢c 0.20c 74 0.0b 93 a
0/Selv 0.17c 0.16 ¢ 94 0.0b 90c
65 4.40b 3.72b 85 0.003 ab 84 ab
65/SeVI 5.34 a 4.63a 87 0.0b 90 ab
65/SelV 5.23a 474 a 91 00D 86 ab

Numbers followed by different letters in the same column differ significantly at the 5% level by
Tukey’s test; n.s. non significant. n = 3.
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Capitulo Il. Estudios de Bioacumulacion y Biotransformacion de Selenio en Pescados

Al igual que los vegetales, los pescados y mariscos son otra de las fuentes de Se para los
humanos, y por lo tanto se consideran matrices interesantes para llevar a cabo estudios de
especiacién. Los pescados pueden asimilar Se a través del agua o tras la ingestién de otras
especies marinas y fitoplancton. En este capitulo se presentan dos trabajos enfocados a al
analisis de Se y sus especies en Clarias gariepinus, pescado muy consumido por la
poblacién de la ciudad Sagua la Grande, Cuba. El primer trabajo (“Levels of arsenic,
mercury and selenium in Clarias gariepinus from Sagua la Grande River, Cuba”. Int. J. Lim., 49
(2013) 113) se ha desarrollado un estudio ecotoxicologico con el fin de evaluar los niveles de
Se derivados de un posible problema de contaminacién industrial. Asimismo, también se
determind la concentracién de arsénico y mercurio.. Ambos elementos son considerados
agentes toxicos potenciales, y al igual que en el caso de Se, su presencia es muy comun en el
musculo de pescado. El andlisis elemental se llevd a cabo mediante ICP-MS previa
mineralizacién 4cida de las muestras. El procedimiento analitico fue validado empleando
materiales de referencia certificados: CRM-627 certificado para el As (4.8 + 0.3 pg/g), CRM-463
certificado para el MeHg (2.85 + 0.16 pg/g), y Murst-ISS A22 certificado para el Se (7.37 £ 0.91
ug/g). Mientas que los niveles de As y Hg se encontraron dentro de los limites de toxicidad, las
concentraciones de Se (entre 2.3 and 15.5 pug/g) fueron muy superiores a las de otras especies
marinas, como sardiana, pez espada y atun. De hecho, en un nimero importante de individuos
se excedieron los niveles de toxicidad establecidos para este elemento. Estos resultados
sugirieron la necesidad de desarrollar estudios de especiacién, ya que la forma quimica en la

cual se encuentre el Se es determinante para evaluar su toxicidad.

En el segundo trabajo presentado (“Screening of Se-compounds in fish muscle by LC-ICPMS.
SeMet determination in fish muscle by ‘exact matching’ species specific isotopic dilution LC-
ICPMS”. Journal of Analytical Atomic Spectrometry (Enviado)) se ha desarrollado una
metodologia analitica basada en el uso de (ID) LC-ICP-MS para la identificacion y cuantificacion
de seleno compuestos presentes en el musculo de Clarias gariepinus. Como en todo trabajo de
especiacién, la etapa de extraccion de especies fue clave en el procedimiento analitico. Se
evaluod el efecto de diferentes tipos de hidrdlisis enzimaticas (relacion muestra/enzima, medio
de extraccidon, concentracion de urea, etc..), empleando varias metodologias analiticas
(extraccion enzimdtica asistida por microondas, incubacion a temperatura controlada y

extraccidn enzimatica asistida por ultrasonidos). En este tipo de matriz, la adicion de un agente

188



Parte Experimental. Capitulo Il

desnaturalizante, como es la urea, fue clave para conseguir una extraccion cuantitativa.
Ademas, en términos de eficiencia, el empleo de la sonda de ultrasonidos permitié
extracciones cercanas al 100% en un tiempo muy reducido (4 minutos).

Los extractos enzimaticos obtenidos fueron analizados mediante (fase inversa (RP) e
intercambio anidnico (AE)) LC y SEC-ICP-MS. El Se aparecié asociado a dos fracciones de bajo
peso molecular, identificdndose la especie minoritaria como SeMet. Mientras que las
recuperaciones obtenidas tras el fraccionamiento por exclusién molecular fueron entre 98-
100%, las suma de especies utilizando RP y AE no superaron el 30% (cuantificado también
como SeMet). Se llevd a cabo un analisis mas exhaustivo de las fracciones detectadas en SEC,
empleando una segunda hidrdlisis enzimatica, pero solo se pudo identificar (utilizando la
metodologia disponible) la SeMet y no otras especies por estar asociadas a moléculas de
mayor peso molecular resistentes a las hidrdélisis enzimaticas. Se empled el método de
dilucion isotépica de especies especifica “exact matching” (SSID)-ICP-MS, utilizando "°SeMet,
con el fin de verificar las recuperaciones de SeMet obtenidas de los andlisis de especiacidn
convencionales. Es interesante comentar que en este trabajo se recoge por primera vez una
aplicacién de la dilucién isotdpica de especies especifica “exact matching” en muestras de

pescados.
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I.1. Niveles de Arsénico, Mercurio y Selenio en Clarias gariepinus procedentes del
Rio Sagua la Grande, Cuba

“Levels of arsenic, mercury and selenium in Clarias gariepinus from
Sagua la Grande River, Cuba”

International Journal of Limnology, 49 (2013) 113.

Parte de este trabajo se presento en:
“XV Reunién Nacional de la Sociedad Espainola de Quimica Analitica”. San Sebastian, Espafia,
Julio 2009. Tipo de presentacion: Péster
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Abstract — This study first reports concentrations of arsenic (As) and selenium (Se) in fish tissue of Clarias
gariepinus from Sagua la Grande River in the Villa Clara Province, Cuba. We also confirm the mercury (Hg)
levels in these fish obtained previously. Individuals were captured in three areas near Sagua la Grande City,
where this fish is a common source of food for the city inhabitants. Concentrations range of As, Hg and Se
(in wet weight) were 0.01-0.11 ug.g~'; 0.03-0.24 ug.g ' and 0.75-3.87 pg.g ', respectively. As and Se levels
were positively correlated (n=19, p=0.673, P <0.05). High levels of Se were found in fish tissue and in
31.6% (n=6) of individuals captured exceeded the threshold value for Se toxicity, which means that Se is
likely to produce adverse consequences on the fish themselves or on the wildlife organisms that eat them.
As and Se concentrations were positively correlated with fish weight and length (P < 0.05). Fish from irriga-
tion canal have higher Se concentrations than fish captured in the other two stations. However, no significant
differences were found between Hg and As concentrations in fish at the three sampling stations. Finally, as the
Se concentrations in C. gariepinus were abnormally high, we suggest the need for studies about Se sources in

the zone, the effect of Se in fish and the intake associated with fish consumption.

Key words: Arsenic / mercury / selenium / Clarias gariepinus | Sagua la Grande River

Introduction

Arsenic (As), mercury (Hg) and selenium (Se) are
chemical elements of high environmental and toxicological
interest. In aquatic environments these elements have
complex biochemical cycles that include the formation of
organic species. Furthermore, Se and Hg tend to increase
all along the trophic chain (Donohue and Abernathy,
1999; Clarkson and Mago, 2006; Luoma and Presse, 2009).

Arsenic, especially in its inorganic forms, is considered
a toxic element, which can cause cancer in humans (Kapaj
et al., 2006). Fish are important sources of As in human
diet (Baeyens et al., 2009; Sirot et al., 2009). Although in
these products, As is mainly present as organic species that
are much less toxic, some authors refer that a certain
fraction can be found in the toxic inorganic form, so it is
always of concern (Moreau et al., 2007; Sirot et al., 2009;
Williams et al., 2009).

Hg in the aquatic environment tends to become organic
species and bioaccumulate through food chains, so that

*Corresponding author: lima@instec.cu

fish consumption is the most dangerous source of exposure
for humans to the pollutant (Boudou and Ribeyre, 1997;
UNEP Chemicals, 2002). Hg species (mainly methyl-
mercury) can cross the cerebral membranes leading
to neurological disorders (Environment Canada, 2002).
Their effects can be especially severe on foetuses, because
this toxic compound can pass from the mother to her
offspring (Sanfeliu ez al., 2003).

Se is an essential element for human health and it is
well known for its antioxidant activity (Dumont et al.,
2006). However, above the relatively low normal physio-
logical requirements, it can be toxic (Letavayova et al.,
2006). In aquatic systems, Se is accumulated through food
chains, resulting in the exposure of animals, such as fish
and birds, from higher trophic levels causing them
problems in their reproductive systems which adversely
affect populations (Lemmy, 1993, 1996; Luoma and
Presse, 2009).

Some researchers have reported an antagonistic effect
of Se to Hg species in different animals. Moreover, it has
long been observed that Se protects animals from the
toxicity of both inorganic Hg and MeHg. However,
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Fig. 1. Sample stations within Sagua la Grande river watershed. Sampling stations are indicated with names inside squares. CAP,

Chlor-alkali plant.

additive or even synergistic effects of Hg and Se have
also been reported (Khan and Wang, 2009). Mechanisms
of interaction of selenium with heavy metals are not yet
completely elucidated (Yang et al., 2008).

In the northern province of Villa Clara, Cuba, there
are several factors that make interesting to study the above
mentioned clements. A mercury-cell chlor-alkali plant
(CAP) has caused widespread contamination with Hg in
the Sagua la Grande River for several years. Gonzalez
(1991) found that the area was polluted with mercury a few
years after the beginning of plant operation. Diaz-Asencio
et al. (2009) also reported a significant enrichment of
mercury in the estuary sediment in recent years, reaching a
maximum level of 2.68 ug.g~' around 1990. Moreover,
Olivares-Rieumont et al. (2012) found levels of mercury
ranging from 0.190 to 0.690 ug.g*1 dry weigh (dw) in
oyster tissues (Crassostrea rizophorae) collected at the
Sagua la Grande River estuary and offshore mangrove
keys 19 km downstream of CAP.

De la Rosa et al. (2009a) reported that people living
near the Sagua la Grande River are moderate fish
consumers, with a weekly intake of freshwater fish of
2.7 times a week. For consumers, Clarias gariepinus was
second in preference (32%) among favorite fish species.
This versatile omnivore specie was introduced in Cuba for
fish farming and has rapidly spread in most Cuban rivers,
reducing native fish populations and standing at the top of
the food webs. (De la Rosa-Medero and Campbell, 2008;
De la Rosa et al., 2009b). De la Rosa et al. (2009a) found
Hg levels in C. gariepinus tissue higher than those found in
other fish species in the Sagua la Grande River. Although
Hg levels do not exceed the 0.5 ug.g~"' wet weight (ww),
established by the Cuban authorities as maximum recom-
mended limit (NC-493, 2006), the concentrations found in

fish represent an important risk especially for vulnerable
population groups (De la Rosa et al., 2009a, 2009b).

Due to C. gariepinus being introduced recently
into Cuban watersheds, there is little information about
pollutant levels in fish tissue. Therefore, the primary
objective of this study is to corroborate the Hg levels
obtained by De la Rosa e al. (2009b) in C. gariepinus
tissue from the Sagua la Grande River and determine
levels of other potential toxic elements such as As and Se;
the latter in its dual role of essential at a normal range
and toxic at high concentrations. We were particularly
interested in determining the levels of these three elements
in fish tissue and their relationships, as well as assess the
dependence of element concentrations with fish size and
capture sites.

Materials and methods
Sampling

Individuals of C. gariepinus were collected from three
sampling stations in June 2007: two located on the Sagua
la Grande River and the other in an irrigation canal
(Fig. 1). Sampling stations are consistent with those used
in 2006 by De la Rosa et al. (2009b). The “Dam” station
was located south of the city and downstream from the
CAP effluent discharge point. The “Bridge” station was set
up north of the city and downstream from it, whereas the
“Canal” station is approximately 10 km west of the city.

Fish selected for this study were in the same length
ranges of those evaluated by De la Rosa et al. (2009b)
(36-74 cm), in order to make comparisons with previous
findings. Fish of this size are usually consumed by the
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Table 1. Operational parameters of the ICP-MS system.

Plasma conditions

Forward power 1250 W

Plasma gas flow rate 15 L.min "

Auxiliary gas flow rate 0.73 L.min '

Nebulizer gas flow rate 0.83 L.min '

Nebulizer Meinhard

Spray chamber Impact Bead Quartz Spray

Measurement parameters

Acquisition mode Continuous

Isotope monitored 202Hg 5As and %%Se
Dwell time per point 200 ms

Replicates 3

population of the area. A total of 19 fish were collected
and distributed as follows: “Dam” (six fish), “Bridge”
(seven fish) and “Canal” (six fish) and were caught using
polyethylene nets and the traditional techniques of fish-
hooks.

Immediately after capture, fish were measured and
weighed, and dorsal fillets were extracted and frozen at
—20°C. Tissue samples were then thawed, homogenized
and lyophilized in the laboratory. Samples were kept at
4°C prior to laboratory analysis.

Analysis of As, Hg and Se

Fish samples were analyzed at the Analytical
Chemistry Department from the Universidad Complu-
tense de Madrid, which has a long experience with
metrology in chemistry related-activities through both its
participation and/or co-ordination in numerous projects
of reference material certification (BCR).

Fish tissue samples (about 500 mg) were accurately
weighed, and placed in a Teflon digestion vessel, after
adding 2.5 mL of HNO; (65%) and 1 mL H,0, (30%) and
digested in a microwave oven at 43% power output. The
pressure was kept at 20 psi during 15 min, increased
to 40 psi for 30 min and kept 1 h at 85 psi. The final
volume was adjusted to 25 mL with ultrapure water
for analysis. A quadrupole Inductively Coupled Plasma
Mass Spectrometry (ICP-MS), Thermo X-Series (Thermo
Electron, Windsford, Cheshire, UK) equipped with a
Meinhard nebulizer, a Fussel Torch, and an Impact Bead
Quartz Spray Chamber cooled by a Peltier system was
used for determination of As, Hg and Se. The mass
calibration of the ICP-MS instrument was tuned daily
with a solution containing 1 ug.L*l of Li, Be, Co, Ni, In,
Ba, Ce, Pb, Bi and U in 5% (v/v) HNOj;. The operation
conditions and data acquisition parameters are sum-
marized in Table 1.

The validation of analytical methodology was per-
formed, detection and quantification limits were: 0.11
and 3.52 ng.g~ ' ww for As, 0.10 and 0.37 ng.g~' ww for
Hg and 4.07 and 13.7 ng.g~' ww for Se, respectively.
For analytical accuracy assessment, the procedure was
separately applied to three certified reference materials

(CRMs): Tuna fish tissue CRM-627 certified for As
(4.8+0.3 pg.g '), Tuna fish tissue CRM-463 certified
for Hg (2.85+0.16 ugg '), and Antarctic Krill
Murst-ISS A22, certified for Se (7.37 +0.91 ug.g~"). The
measured concentrations were: 4.3 + 04 pg.g ' for As in
CRM-627, 2.80 +0.02 ug.g~ ' for Hg in CRM-463 and
7.42+40.52 ug.g”' for Se in Antarctic Krill Murst-ISS
A22, no significant differences were detected between the
CRMs certified values and the experimental ones.

Statistical analysis

Data were evaluated to check normality using the
Shapiro—Wilk test. As data showed significant evidence for
non-normal distribution, non-parametric tests for statis-
tical analysis were used. The Spearman’s rank correlation
(p) was used to assess possible relationships between body
fish size and concentrations of trace elements levels, and
also inter-elements effects. The Kruskal-Wallis H-test was
used to compare the body fish size (length and weight)
and elements concentrations between sampling stations,
followed by a Mann—Whitney W-test as post-hoc test.
A multiple regression model was used to assess element
concentrations contributing significantly to the variance in
fish length. The level for significance was chosen as p value
less than 0.05.

Results and discussion
Total concentrations of As, Hg and Se in C. gariepinus

As, Hg and Se concentrations for each fish fillet
samples are presented in Figure 2. Arsenic concentrations
varied between 0.01 and 0.11 pgg ' ww (median
0.03 ug.g~' ww, for n=19). These concentrations are
lower in all cases than the recommended maximum
concentration limit by the Cuban standard of 1 pg.g™'
ww of As for fish consumption (NC-493, 2006) and in
the same order of magnitude reported by other authors
in freshwater fish. Hinck er al. (2009) reported average
concentration of 0.11 ug.g~ "' ww for As in fish collected at
111 sites from some important river basins from the USA,
with a maximum of 1.95 ug.g”' ww for whole body.
During a survey on fish fillets from Oak Ridge Reservation
in Tennessee, USA, Burger and Campbell (2004) detected
the presence of As in a concentration range between 0.085
and 0.140 ug.g .

Hg concentrations ranged between 0.03 and 0.24 ug.g™
ww (median 0.16 pg.g ' ww, n=19) (Table 2), similar
values were found by De la Rosa et al. (2009b) in fillets
of C. gariepinus captured in this river in 2006 (0.07 to
0.38 ug.g~ " ww, median 0.18 ug.g ' ww, n = 27). None of
the samples exceeded the maximum limits recommended
by the Cuban authorities for fish consumption of
0.5 ug.g " ww of Hg (NC-493, 2006). Only two samples
(10%) had levels higher than 0.2 pg.g ' ww, limit
recommended by the World Health Organization for

1
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fish consumed by wvulnerable people (World Health
Organization, 1990).

Se concentrations in fillets of C. gariepinus were
between 0.75 and 3.87 pg.g~' ww (median 2.03 pg.g '
ww, n=19) or between 2.3 and 15.5 pg.g~ " dry weight
(dw). These levels are higher than the average values
reported for other freshwater fish. For instance, in the
Savannah River, USA, were found average levels of Se in
fillet between 0.21 and 0.64 ug.g ' ww for various species
(Burger et al., 2001). Hinck et al. (2009) studied piscivor-
ous and benthivorous fish at 111 sites from US river basins
and reported a mean of 0.59 pg.g ' ww of Se in whole fish
with a maximum value of 4.66 ug.g ' ww. Lemly (1993)
proposed an Se reference concentration of 4 ug.g~' dw in
whole body as threshold values for selenium toxicity
involving reproductive failures and teratogenic deformities
in young fish, although adults can survive and appear
healthy. For muscle, this value is 8 ug.g~' dw (Lemly,
1993) or 2.6 ug.g ' ww according to Burger and Campbell
(2004) when a moisture value of 67% is used for the
conversion. This threshold value for selenium toxicity is
exceeded in 31.6% (n=6) of C. gariepinus individuals
captured in the Sagua la Grande River, which means that
Se is likely to produce adverse consequences on the fish
themselves or on the wildlife organisms that eat them.
Five of the samples that exceed the threshold value were
collected in the “Canal” sampling station.

There are no previous reported background levels of
Se in fish fillets in Cuba. Moreover, levels of Se are not
regulated for fishing products in the Cuban Food Sanitary
Standard (NC-493, 2006). However, on the basis of
existing information about industrial sources in the area,
there is no evidence of any anthropogenic sources that
could increase Se concentrations in the region. For that
reason, we hypothesized that high Se levels in fish may be
related to existing levels of this element in the aquatic
environment, although there are no reports of Se concen-
trations in soils and sediments in the area either. More
information is needed about Se levels in the aquatic
environment of the Sagua la Grande River to reach a
definitive conclusion about transfer mechanisms toward
the fish; however, our results suggest bioaccumulation of
selenium by C. gariepinus. High concentration of Se found
in these fish is an interesting finding. Although the number
of samples taken in this study is not large, so it may be
considered as preliminary, it provides the basis for further
studies in order to verify the presence of this element in
the area.

Correlations between element concentrations
and fish size

As shown in Table 3, the only statistically significant
correlation inter-eclements was found between As and Se
concentrations (p = 0.673, P < 0.05). Although it has been
reported that As and Se are metalloids with similar
chemical properties, biological interactions between these
two elements depend on their chemical forms (Zeng et al.,
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Table 2. Summary data and As, Hg and Se levels in C. gariepinus in the three sampling stations.
Sampling station
“Dam” “Bridge” “Canal”
Number of individuals 6 7 6
Total weight (g) Median 1000 540 1668
Range 425-1900 390-2420 13801840
Total length (cm) Median 47 44 57
Range 38-57 38-66 52-59
As (ug.g” ' ww) Median 0.03 0.03 0.05
Range 0.01-0.11 0.01-0.04 0.02-0.11
Hg (ug.g ' ww) Median 0.17 0.16 0.11
Range 0.13-0.24 0.03-0.19 0.05-0.17
Se (ug.g~" ww) Median 1.84 2.04 3.20
Range 0.75-2.07 1.08-2.72 1.67-3.87
Table 3. Spearman’s rank correlations between element concentrations and fish size. Given are correlation coefficients.
As Hg Se Total length Total weight
As - NS 0.673* 0.527* 0.480*
Hg - NS NS NS
Se - 0.566* 0.497*
Total length - 0.969*

Total weight

*Statistical significance P < 0.05.
NS, not significant.

2005). Significant correlations between As and Se in
individuals from other fish species as Morone chrysops
were also reported (Burger and Campbell, 2004).

Se and Hg concentrations were not statistically
correlated(P > 0.05; Table 3). Although some authors
have found significant correlations between these two
elements in the fillets of different species the statistical
relationship may not exist. For example, Lima et al. (2005)
in Piria River and in Grande Lake assessed levels of Hg
and Se in ten different fish species, but they only found
statistically significant relationships between Hg and
Se for H. malavaricus and Leporinus sp. species. Others
like Burger et al. (2001) found in Savannah River only
significant correlations for three fish species of the eleven
examined. Although several authors have reported an
antagonistic effect of Se on Hg metabolism, mechanisms of
this antagonism are unclear (Yang et al., 2008). Yang et al.
(2010) found that when Se concentrations in fish fillets
were below certain values, usually Hg levels were high.
This possibly suggests that threshold concentrations
of Se in fish must be reached before a clear protective
role of Se against Hg assimilation become noticeable.
A similar trend is observed between these two elements in
C. gariepinus; however, more data are needed to reach
conclusive results.

Significant and positive correlations were observed
between As and Se concentrations in fillets and body fish
length and weight (Spearman correlations with P <0.05)
(Table 3). It is reported that the primary sources of Se in
fish is related to diet (Luoma and Presse, 2009). Fish can
accumulate Se found in their environment and this process
can be relatively fast (Lemly, 1999). C. gariepinus are
voracious omnivorous, which increases their weight in a

short time, making them ideal for growing in farms.
Schram et al. (2008) conducted experiments with this fish
to achieve enrichment of Se in fish tissue providing a diet
rich in Se, showing that it is possible to increase the levels
of Se in fish fillet in a relatively short time. In Cuban water
bodies, this fish quickly occupies the top of the food
chain and feeds from various sources such as detritus,
filamentous algae, zooplankton, macrophytes, aquatic
and terrestrial insects, nematodes, mollusks, crustaceans,
birds, and fish (De la Rosa-Medero and Campbell, 2008).
Similar behavior was reported by Desta er al. (2007) for
these fish from Lake Awassa, Ethiopia. C. gariepinus
capture their prey by gulping them with a rapid opening of
the mouth and then retaining them either on the gillrakers
or fine recurved teeth arranged on dentary, premaxillary,
vomerine and pharyngeal bands. This fish exhibits a
variety of feeding strategies including sucking the surface
for terrestrial insects and plant fragments washed into the
water by heavy rains and pack-hunting of small cichlids.
They can suck the prey along with water and suspended
particles. Ingestion of particles (biotic and abiotic) is an
input way of selenium into living organisms (Luoma and
Presse, 2009). Moreau et al. (2007) have found that Se
tends to be magnified through the consumption of algae
and invertebrates, so the levels of selenium in C. gariepinus
apparently reflects levels found in all these sources in the
aquatic system of the Sagua la Grande River.

No significant correlation (P> 0.05) was found be-
tween Hg and fish size (either length or weight) (Table 3).
A similar result was obtained by De la Rosa e al. (2009b)
who suggested that this behavior could be explained by the
dietary habits of C. gariepinus in Sagua la Grande River.
Owing to its omnivorous nature, it can feed on fish but
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also on small terrestrial insects, mollusks and fruits
(Toledo-Perez et al., 2007; Zheng et al., 1988) depending
on the availability of food. This ability to change food
source might affect this correlation, as the body mass
increases not only due to fish consumption, which is the
most recognized source of accumulation of Hg in the
aquatic food chain.

Relationships between locations and element
concentrations in C. gariepinus

As and Hg concentrations were similar in the fillets
of the fish from the three sampling stations (H = 5.239,
P>0.05 and H =5.820, P >0.05, respectively). Although
no significant differences between the medians were found
for mercury among the three stations, at “Dam” there is a
tendency for higher values. Similar results were found in
an earlier work (De la Rosa et al. 2009b). However, it
appears that the high mobility of these fish, likely reflects
homogeneity in exposure to Hg throughout the region.

It were observed significant differences among Se
concentrations in the different sites (H = 7.423, P < 0.05).
Se concentrations in fish captured in the sampling station
“Canal” were significantly higher than levels found in
fish from the other two stations (“Canal” and “Dam™:
W =320, P<0.05 “Canal” and “Bridge”: W =37.0,
P <0.05). On the other hand, there were significant size
differences among the fish as a function of location
(H=6.102, P<0.05 and H=6.075, P<0.05 for weight
and length, respectively), with fish collected from “Canal”
being the largest.

“Canal” station is located approximately 10 km away
from Sagua la Grande City, at a site with difficult access,
while the other two stations are closer to the city, so water
pollution and overfishing could affect fish size in these
latter stations. This behavior (regarding fish size) was also
observed in fish collected in a previous year (De la Rosa
et al., 2009b).

A total of 39.0% of the variability in log length of the
fish (P <0.10) was explained by a multiple regression
model, which included As, Hg and Se concentrations
as independent variables. Only Se concentration entered
significantly in the model (coefficient value £ =0.05,
P <0.05). This result suggests that differences between Se
concentrations in the sites may be related to differences in
the size of fish rather than to location. As it was mentioned
above, there is no evidence of any Se pollution sources in
the studied area.

Conclusions

Results confirm previous studies relate to Hg concen-
tration in C. gariepinus from the Sagua la Grande River,
Cuba, and provide new information about low As levels in
the fish. High levels of Se were found in C. gariepinus
fillets. In 31.6% of individuals Se concentrations exceeded
threshold values for Se toxicity, which means that Se is

likely to produce adverse consequences on the fish
themselves or on the wildlife organisms that eat them.
Significant differences were found for Se in fish captured in
the sampling stations, probably influenced by differences
in fish size at these stations. Owing to the high levels of Se
found in fish, it is necessary to assess the likely sources of
Se in the region and to study the effect of Se in fish and the
intake associated with fish consumption.
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Screening of Se-compounds in fish muscle by LC-ICPMS. SeMet determination in

fish muscle by ‘exact matching’ species specific isotopic dilution LC-ICPMS

Isabel Lopez-Heras, Lazaro Lima, Susana Rieumont Heidi Goenaga-Infante, Carmen
Céamara and Yolanda Madrid

Abstract

Several sample treatments for Se-species extraction based on enzymatic
hydrolysis and different methodologies (microwave assisted extraction, ultrasonic probe
assisted extraction and incubation at controlled temperature) were compared for
identification and quantification of selenocompounds in Clarias gariepinus muscle
using LC-ICPMS- based techniques. Selenium species were quantitatively extracted by
using enzymatic probe sonication with protease previous addition of 7 M urea in 4
minutes. Screening of selenocompounds in the proteolitic extracts was performed by
size exclusion chromatography- ICPMS. Selenium appeared associated to two fraction
of low molecular weight (5KDa and 0.1 KDa) with the second peak matching at the
retention time of SeMet. The recovery of SEC step was around 100-98%. However, low
Se recoveries (30%) where obtained when analyzing the proteolitic extracts by RP-LC-
ICPMS and AE-LC-ICPMS, being only SeMet quantitatively chromatographic
recovered. In order to improve chromatographic recovery, fractions of SEC peaks were
collected and submitted to a second enzymatic hydrolysis by using protease and alcalase
and then introduced to a PRP X-100 column coupled to ICPMS. No significant
improvement in recovery was obtained after a second enzymatic hydrolysis of 5KDa
Se-compounds therefore being these compounds responsible of the low
chromatographic HPLC recoveries when selenium speciation is performed in fish
muscle samples. SeMet was quantified in the fish muscle by using ‘exact matching’
species specific isotopic dilution (ID) LC- ICPMS. Concentrations of 1.8 + 0.1 mg kg™
and 2.18 + 0.04 mg kg™ (expanded uncertainty, k = 2) for SeMet in two fish samples
of Fishl and Fish2, respectively, were obtained by (ID) LC-ICPMS. To the best of our
knowledge, this is first application of species specific isotope dilution for the accurate

and precise determination of SeMet in fish tissues.
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1. Introduction

Selenium (Se) is an essential element for human health. Its deficiency decreases
selenoprotein expression and leads to mutations in synthesis cofactors altering
biological processes, and therefore promoting the appearance of several diseases. The
concentration range in which selenium is considered toxic or essential is very narrow. It
has been estimated that the ingestion of foodstuffs with a Se content above 1 pg Se g *
can induce toxicity, meanwhile a concentration below 0.1 pg Se g™ leads to deficient
status [1,2]. In human beings, the main source of selenium is through diet. The necessity
of supplement possible deficiencies of Se through the diet has increased the interest into
development of functional food products enriched with this element. Following this
approach, some authors have performed the development of seafood-based nutritional
supplements materials [3]. It has been demonstrated that fish can take up Se directly
from the water and/or by eating other marine species and phytoplankton through the
food chain [4]. Because of this, fish and shellfish are considered Se rich foodstuffs,
although the levels of Se can vary depending on fish species. Cabafiero et al.
determined the Se total content in different fish of high consumption such as tuna,
swordfish and sardine. The reported values were found in the range of 1.13+0.04 pg Se
g* to 1.58+0.02 ug Se g’ [5]. Similar Se concentration was found in Niboshi, a
common foodstuff processed from Japanese anchovy (Engraulis japonicus) [6]. A
higher content of Se was quantified in Misgurnus anguillicaudatus muscle tissue (6.280
g Se g™) [7]. Burger et al. found levels of selenium in fish muscle tissues in the range
of 0.21-0.64 pg g™ [8]. In fish and seafood materials, the bioavailability of Se still
appears to remain controversial depending on chemical form of Se compounds [9].
Although the levels of Se in some fish and shellfish are elevated, in some cases this Se
is little available due to the interaction with other metals present in matrix [10 ,11]. In
addition, Ornsrud et al. demonstrated that SeMet species was more bioavailability than
selenite in Se-enriched salmon, showing also an increase in GPx activity. Recently, the

presence of selenium in sea-food materials has been reviewed by Sakura et al [12]

Although the Selenium content in seafood is higher than in terrestrial foodstuffs, little is
known about the chemical forms of selenium species in seafood. Proteinous selenium
species like SeMet and SeCyst derivatives has been found in different type of seafood

[12, 13, 14, 7, 15]. However, a large portion of selenium might be associated to organo
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selenium compounds other than seleno amino acids and their derivatives. Recently,
Yamashita et al [16] have discovered a novel Se compound present in several tuna
tissues and blood of blue tuna fish. This compound has been called selenoneine. For
selenium speciation, efficient extraction of Se species from sample matrix without
degrading the species is required. Methods based on enzymatic hydrolysis using
proteinases such as, protease, subtilisin, trypsin, chymotrypsin, proteinase and
proteinase N have been widely used to efficiently extract Se species in fish and other
biological matrix. Enzymatic hydrolysis has been performed by applying different
methodologies such as: incubation at controlled temperature, microwave-assisted
enzymatic extraction (MAEE) and sonication assisted enzymatic hydrolysis [12, 17, 18,
19, 20, 21, 22]. Liquid chromatography (LC) in combination with inductively coupled
plasma mass spectrometry (ICPMS) for detection is currently the most commonly used
technique for selenium speciation and quantification. Although enzymatic hydrolysis
followed by LC-ICPMS is widely implemented for selenium speciation in seafood
samples, it is important to note that chromatography recoveries is often not complete
when analysing extracts of fish samples. Recoveries of about 28% for tuna, 35% for
shellfish, 38% for BCR627, 56% in shark after enzymatic hydrolysis have been reported
[17]. It has been demonstrated that during the enzymatic extraction of marine tissues,
some Se compounds might remain bound in peptide form, depending on the cleavage
specificity of the enzyme and the analyzed fish species. In most studies, however
chromatography recoveries are not reported. The use of ICPMS enables also
quantification for isotopic dilution.  This technique not only allows a precise
quantification of species but it is able to correct the possible transformation or
degradation of species during sample treatment [23]. However, application of species-
specific isotope dilution has been limited due to the lack of commercially available
specific —species spike. In this work, the development of an analytical method based on
the use of (ID) HPLC-ICP-MS previous enzymatic extraction for quantification of
selenocompounds in Clarias gariepinus muscle has been performed. This species is a
versatile omnivore and predator in Cuban rivers, and it is a common food source of
many residents [24]. The high selenium levels found in their muscle (6.2-15.5 pg Se g™)

turn this sample in an interesting matrix to carry out selenium speciation studies.
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2. Experimental Section
2.1. Instrumentation

A 1000 W MSP (microwave sample preparation system) microwave oven (CEM,
Matthews, NC, USA) equipped with temperature and pressure feedback controls and 12
high pressure vessels of 100 mL inner volume, operating at a maximum power of 1600
W, was employed for the digestion and enzymatic extraction processes.

A Sonoplus ultrasonic homogenizer (Bandenlin, Berlin, Germany) equipped with a
titanium 3 mm diameter microtip and fitted with a high-frequency generator of 2,200 W
at frequency of 20 KHz, and an ultrasonic bath (JP Selecta, Barcelona, Spain) were used
to extract the selenocompounds present in lyophilized samples.

An Eppendorf Centrifuge 5804 R F34-6-38 (Eppendorf, Hamburg, Germany) with
10 kDa cut-off filters (Millipore, USA) was used for the separation of the supernatant

after extraction of Se species.

HPLC-ICP-MS measurements were carried out using a PU-2089 LC pump
(JASCO, Tokio, Japan) fitted with a six-port injection valve (model 7725i, Rheodyne,
Rohner Park, CA, USA) with a 100 uL injection loop for chromatographic separation
and an Agilent 7700x collision/reaction cell ICP-MS (using H2 collision gas) (Agilent
Technologies, Santa Clara, CA, USA) for elemental specific detection.
Chromatographic separations were performed using different columns; an anion
exchange analytical column PRP-X100 (250%x4.1 mm, 10 pm) (Hamilton, GR,
Switzerland), a size exclusion chromatographic column BioBasic-Sep 60 (from 0.1 kDa
to 6 kDa) (Thermo Fisher, Madrid, Spain), and a reversed-phase analytical column
Zorbax Rx Cg (250 x 4.1 mm, 10 um) (Agilent, SC, USA). The outlet of the column
was directly connected to the conical nebulizer of the ICP-MS with PEEK tubing. The

operating parameters are summarized in Table 1.

The 0.45 um nylon filters (Millipore, USA) were used to filter all the LC mobile
phases and 0.22 um Millex-HV filters (Millipore, USA) were used to filter the samples

before injection into the chromatographic columns.
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2.2. Reagents and standards

All reagents used were of analytical grade. Cyclohexane, hydrogen peroxide (35%)

and nitric acid (65%) were purchased from Merck (Merk, Darmstadt, Germany)

For enzymatic hydrolysis: non-specific pronase E and lipase VIl enzymes, and urea
from Sigma (Sigma-Aldrich, Steinheim, Germany) were employed. In addition, two
buffer solutions at pH 7.5: a 50 mM phosphate solution and a 100 mM
Tris(hydroxymethyl)aminomethane-HCI (Tris-HCI) solution from Sigma (Sigma-
Aldrich, Steinheim, Germany), were used as extracting media.

For liquid cromatography (LC)-inductively coupled plasma mass spectrometry
(ICP-MS) studies three mobile phases were employed. For anionic exchange
chromatographic separation, the mobile phase used was 10 mM citric acid (Sigma-
Aldrich, Steinheim, Germany) in 2% methanol (Scharlau, Barcelona, Spain), at pH 5
with ammonium hydroxide (Sigma-Aldrich, Steinheim, Germany). For size exclusion
chromatographic separation, 50 mM Tris-HCI (Sigma-Aldrich, Steinheim, Germany)
and 0.05 mM potassium chloride (Merk, Darmstadt, Germany) at pH 6.8 was employed
as mobile phase. Finally, the mobile phase used in reverse phase chromatographic
separation containing 0.1% trifluoroacetic acid (Sigma-Aldrich, Steinheim, Germany)

and 2% methanol (Scharlau, Barcelona, Spain) at pH 2.1.

Standard stock solutions of 1000 mg L™ of selenomethionine (SeMet),
selenomethylselenocysteine (SeMetSeCys) and selenocystine (SeCys,) (Sigma) were
prepared in ultra-pure water (18.2 MQ cm—1) from a Milli-Q water purification system
(Millipore, MA, USA), and 3% hydrochloric acid (Merck). Inorganic selenium
solutions were prepared by dissolving sodium selenite (Na,SeOs) and selenate
(NazSeO4) (Merck) in Milli-Q water. Stock solutions were stored at 4°C, whereas

working standard solutions were prepared daily by dilution.

An isotopically enriched "°Se standard of Se-DL-methionine was purchased from
Isosciences (King of Prussia, USA). The isotopic enrichment of the inorganic "®Se

standard used to synthesise the "°Se-enriched SeMet was 99.8%, as indicated by the
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manufacturer. A stock solution of 1 mg mL™ was prepared by dissolving the Se
standard substance in degassed ultra-pure water. This stock solution was kept in the
dark at 4 °C

2.3. Samples and Sample Preparation

Individuals of Clarias gariepinus were collected from Sagua la Grande River (Sagua
la Grande, Cuba). The fishes were caught using polyethylene nets and the traditional
techniques of fishhooks. Immediately after their capture, the dorsal fillets were
extracted and frozen at -20 °C. Tissue samples were then thawed, homogenized, and
lyophilized.

2.4. Procedures
2.4.1. Total selenium determination

The samples were defatted following the procedure described by Bierla et al.
[25]. A 2.5 g of sample were shaken with 12 mL of cyclohexane for 20 min and
centrifuged at 10000 rpm for 15 min. The supernatant was removed and the procedure
was repeated twice by shaking the solid residue with a fresh portion of cyclohexane.
Finally, the defatted samples were dried in an oven at 37 °C and lyophilized.
Lyophilized fish samples (about 200 mg) were accurately weighted and placed in a 100
mL teflon digestion vessel with 2.5 mL of HNO;3; (65%) and 1 mL H,0, (35%).
Samples were digested at 150 °C for 15 min at 1600 W in a microwave oven. The
resulting solutions were diluted with Milli-Q water up to 25 mL. The total Se
concentration was determined by external calibration method using a standard solution
of Se (IV). The performance of the method was tested by analyzing the Antaerctic Krill
Murst-ISS A22 certified reference material certified for selenium (7.37+0.91 pg g%,
from Institute for Reference Materials and Measurements.

2.4.2. Enzymatic hydrolysis of Se-compounds in fish samples

The enzymatic extraction of selenium species was performed following the steps
shown in Fig. 3. A denaturalization of protein structure was carried out prior to

enzymatic hydrolysis; about 100 mg of sample were weighted into 5 mL poliypropylene
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tube with 1.5 mL of 7 M urea solution in 0.1 M Tris-HCI buffer at pH 7.5. The mixture
was sonicated for 2 min at 40% ultrasound amplitude. The resulting suspension was
transferred into a vial and diluted by adding 8.5 mL of 0.1 M Tris-HCI buffer solution.
Then a 40 mg of pronase E, corresponding to 2.5:1 sample/enzyme mass ratio, were
added in order to carry out the proteolytic hydrolysis by ultrasonic probe sonication for
2 min. The enzymatic extract was passed through 10 kDa molecular weight cutoff filters
by centrifugation at 9600 rpm for 15 min. The filtrates were collected, divided into
aliquots and stored at 4 °C until analysis by ICP-MS and LC-ICP-MS. The

concentration of extracted Se was determined by external calibration method.

2.4.3. Screening of Se-compounds in fish samples by LC-ICPMS

The following chromatographic separation mechanisms coupled to ICPMS were
used for screening Se-compounds in the enzymatic extracts: 1) Size-exclusion
chromatography by using a BioBasic-Sep 60 column and a mobile phase of 50 mM
Tris-HCI and 0.05 mM KCI (pH 6.8) at 0.7 mL min™ for 12 min, 2) Anion-exchange
chromatography by using a PRP-X100 column and a mobile phase of 10 mM citric acid
in 2% methanol (pH 5.0) at 1 mL min® for 10 min, and 3) Reverse-phase
chromatography by using a Zorbax Rx Cg column and a mobile phase of 0.1%

trifluoroacetic acid and 2% methanol at pH 2.1.

2.4.4. Sample Preparation and Procedure for the Determination of SeMet in Fish by
Isotope Dilution HPLC-ICP-MS

The extraction procedure used for the ID approach was the same as described
above. In brief, Sample blends were prepared gravimetrically by the addition of a
suitable amount of "®SeMet in three 100 mg subsamples of each fish placed into 50 mL
plastic tubes. The concentrations of the internal standard solutions used to prepare the
blends were such that the ratio of natural/labelled analyte measured on the mass
spectrometer was close to unity (£5%). Calibration blends were gravimetrically
prepared by the addition of standard solution of SeMet and ®SeMet to 50 mL plastic
tubes. The remainder of the sample preparation was the same as described above in

section 2.4.2.
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The concentration of the standard solutions used to prepare the blends was such that the
final sample and calibration blend concentrations were equimolar with respect to SeMet.
To obtain these exact matching blends, several iterations were required, including an

initial assessment to determine the approximate level of SeMet in the sample

The contents of SeMet in each tube were analysed using LC-ICPMS monitoring the
isotope ratios "®Se/®Se and %2Se/’°Se). Reversed phase ion pairing HPLC was
performed on an Agilent Zorbax Rx-C8 column using a 98 + 2 water-methanol mixture
containing 0.1% (v/v) trifluoroacetic acid (TFA, as ion pairing agent) as the mobile
phase at a flow rate of 0.9 mL min™. The optimum HPLC-ICP-IDMS (isotope dilution

mass spectrometry) conditions are summarized in Table 1

3. Results and discussion
3.1. Determination of total Se in muscle fish samples

Total Se concentration in Clarias gariepinus muscle was determined after
microwave acid digestion by ICP-MS under conditions given in Table 1. The robustness
of the microwave-assisted digestion procedure was assessed by using a certified
reference material, Antaerctic Krill Murst-ISS A22. As it can be seen in Table 2, Se
concentration (7.42+0.52 ug g™) was in agreement with the certified value. The results
obtained after analyzing lyophilized muscle samples of Clarias gariepinus showed that
Se levels, between 6.2+0.4 pg g™ and 15.5+0.3 ug g, were high in comparison with the
average values found in other freshwater fish. In the Savannah River (USA), Burger et
al. found levels of selenium in fish muscle tissues in the range of 0.21-0.64 pg g™ [8]. It
is reported that selenium concentrations in muscle tissue reflect the level of this element
in the geographic area or the amount taken up through trophic chain. In previous
studies, Cabafiero et al. determined the amount of Se present in fish samples commonly
consumed in Spain and Portugal, and the average values found in sardine, swordfish,
and tuna did not exceed the concentration of 0.92+0.01 pg Se g™ [26].

In this study, defatting procedure was performed based on leaching the lyophilized
fish samples with different volumes of cyclohexane. It was found that the selenium
determined in the dried residue accounted for 100% of the selenium initially present.

Therefore, the defatting protocol did not result in any loss of Se. It is important to
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remark that defatting procedure was necessary in order to avoid matrix effect in total Se
determination and to remove the lipids prior to speciation analysis (the presence of
lipids might lead to the fouling of the chromatographic column).

3.2. Enzymatic hydrolysis of Se-compounds in fish samples

In the present work, an effort on reducing the duration of conventional enzymatic
hydrolysis was made by evaluating the capabilities of quantitatively extract Se-
compounds from a complex matrix such as fish samples. In order to do this, parameters
such as sample to enzyme mass ratio, extracting media and urea concentration, which
have been found to affect the efficiency of Se-compounds extraction, were optimized.
The extraction recoveries were calculated by comparing with the results obtained using

a conventional enzymatic hydrolysis in an oven at controlled temperature.

As a first step, the effect of sample to enzyme mass ratio on the selenium extraction
efficiency was study by using three sample/ pronase E ratios (2.5:1, 5:1 and 10:1), in
two extracting media: 50 mM phosphate buffer solution (D, E, F) and 7 M ureain 0.1 M
Tris-HCI buffer solution (A, B, C), both at pH 7, and by applying the three extraction
methodologies mentioned above: ultrasonic-assisted enzymatic extraction (UAEE)
(using a ultrasonic probe), microwave-assisted enzymatic extraction (MAEE) and
conventional enzymatic hydrolysis (incubation at controlled temperature). All the
mixtures were incubated at 37°C using a total extraction time of 30min, 5 min and 24

hours for MAEE, UAEE and conventional enzymatic hydrolysis, respectively

As itis shown in Fig. 1, a 2.5:1 sample/pronase E mass ratio led to an increase in the
recovery of selenium from fish muscle. As it is noted, the effect of pronase E is largely
influenced by the nature of the extracting media employed. In this respect the extraction
efficiencies obtained were higher when 2.5:1 sample/pronase E ratio was added to 7 M
urea solution in comparison with the use of phosphate buffer solution. Generally,
selenium in biological samples is bound to proteins and peptides, with the consequent
need for cleavage of these structures in order to obtain a quantitative extraction.
Because of this, urea was added to Tris-HCI buffer solution since it is usually employed

as denaturing agent in protein extraction protocols.
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Besides evaluating the effect of extracting media, this preliminary experiment suggested
that all the methodologies employed led to approximately similar extraction
efficiencies, being the higher recovery values those provide by MAEE and UAEE with

the consequent reduction of sample treatment time (30 and 2 minutes, respectively).

100 -
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Extraction efficiency /%

30 ~
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0 t._T:T:TZTETZT;TZTI%

10:1 5:1 251
Sample/pronase E mass ratio

mm O

Fig. 1. Selenium extraction efficiency obtained for different sample/pronase E mass
ratio in two extracting media. 7 M urea in 0.1M Tris-HCI buffer solution at pH 7.5 (A,
B and C trends) and 50mM phosphate buffer solution at pH 7.5 (D, E and F trends), and
using different extraction methodologies: incubation for 24 h at 37 °C (C and F trends),
microwave-assisted extraction (MAEE) for 30 min (A and D trends), and ultrasonic-
assisted enzymatic extraction (UAEE) using a ultrasonic probe for 5 min (B and E

trends).

However, the highest percentage of extraction efficiency was only of a 50+2%. In
order to improve the efficiency recovery a method which combines proteolytic (pronase
E) and lipidic (lipase VII) degrading enzymes was tested. For this purpose, samples
were treated with 40 mg of pronase E (corresponding to 2.5:1 sample/enzyme mass
ratio) and varying amounts of lipase VII (5 mg and 10 mg). No significant differences
were found in the extraction recovery of Se using either pronase E or pronase E/lipase
mixture (data not shown), which it might indicate that Se seems not to be bound to

lipidic fraction in this kind of matrix.
208



As a step further, the effect of urea concentration on selenium efficiency was
investigated. As it was commented before, whereas an 11.3+0.9% of efficiency
extraction was obtained after MAEE and UAEE with phosphate buffer solution, the use
of 7 M urea increased the efficiency up to 50+2%. Although the use of 7 M urea
improved the extraction recovery, the analytical results obtained were still far from
being quantitative. This fact may be due to the negative effect of using high urea
concentration on enzymatic activity. As it has been reported in the literature, high urea
concentrations could decrease enzymatic activity of some enzymes such as pronase E
[27,28]. Lipiec et. al. proved that the addition of urea at low concentration in the
extracting solution increased the extraction recovery three times, however the use of
concentrations up to 1.6 M had a opposite effect on Se recovery [29]. In this study, the
use of urea solution in extracting media was evaluated by testing two concentrations: 1
M and 7M. The conclusions cited above led to consider the development of a two-steps
enzymatic protocol. First, a 7 M urea solution in Tris-HCI buffer solution at pH 7.5 was
added to sample in order to denature protein structure and the mixture was sonicated for
2 min at 40% of ultrasound amplitude (step 1). Then, enzymatic hydrolysis with pronase
E (2.5:1 sample/enzyme ratio) was carried out, being necessary the dilution of urea

concentration to 1 M (step 2).

Data shown in Fig. 2 indicated that best Se recoveries were achieved by applying the
two-step approach (procedure B) whereas the efficiency was strongly reduced when
hydrolysis was performed when a 7 M urea concentration in Tris-HCI buffer solution
was added to sample/pronase E mixture, (procedure A). The application of the two-
steps approach as extraction protocol increased the Se recovery to 90+2%, compared to
29+2% achieved using procedure A. These results indicate that the use of an

appropriately urea concentration can improve outstandingly the selenium extraction.

209



100 - mprocedure A procedure B

90 I I I
80 -
70
60 -
50
40 -
30

Extraction efficiency /%

20 A

10 ~

MAEE Incubation at UAEE
controlled temperature

Fig. 2. Selenium extraction efficiency obtained using two enzymatic extraction
procedures. PROCEDURE A (light bars): enzymatic extraction in 7 M urea in 0.1M
Tris-HCI buffer solution at pH 7.5 and PROCEDURE B( dark bars) consisting in a
two-step approach which combines a denaturalization step with a 7 M urea solution in
0.1 M Tris-HCI buffer at pH 7.5 and a proteolytic step with protease previous urea
dilution up to 1.5M ) with 7 M urea solution (procedure B, dark, bars) Different
extraction methodologies were applied: microwave-assisted enzymatic extraction for 30
min at 37 °C, incubation at controlled temperature for 24 h, and ultrasound-assisted

enzymatic extraction by the use of ultrasonic probe for 4 min.

Finally, the efficiency of the different methodologies tested (MAEE, UAEE and
conventional procedure for proteolytic extraction (step 2) were compared. As it can be
seen in Fig. 2 no significant differences were found between the extracted Se value by
MAEE and the ones provided by using ultrasonic probe or conventional incubation.
However, the methodology based on the use of ultrasonic probe was chosen to perform
Se extraction from fish muscle samples due to the high extraction efficiency achieved
(91+£2%) and the significant decrease in the extraction time (4 minutes versus 30

minutes and 24 hours for MAEE and incubation, respectively). Another important
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aspect that should be considered in the optimization of extraction methodology is the
risk of selenium species interconversion. In this study, no changes in chemical form of
selenium were observed after analysis of enzymatic extracts obtained by different
methodologies by AE-LC-ICPMS (data not shown). Fig. 3 schematically shows the

optimized procedure for quantitatively extracting selenocompounds from fish muscle.

Lyophilized fish sample (100 mg)

Step 1
Denaturalization of proteic estructure

1.5mL of 7M urea in 0.1 M Tris-HCI buffer solution at pH 7.5

v

Sonication for 2 min at 40% ultrasound amplitud
Step 2
Proteolytic hydrolysis

/8.5 mL of 0.1 M Tris-HCI buffer solution at pH 7.5 \
UREADILUTIONUPTO1M

v

40 mg of pronase E (2.5:1 sample/enzyme mass ratio)

kSonication for 2 min at 40% ultrasound amplitud /

Centrifugation with 10 KDa cut-off filters
(15 min at 9600 rpm)

Solid residue Supernatant

ICP-MS analysis

Fig. 3. Scheme of enzymatic extraction procedure applied for extracting Se compounds

from fish muscle..
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3.3.Screening of selenocompounds in fish muscle by HPLC-ICP-MS

Screening of selenocompounds in the enzymatically hydrolyzed fish extracts was
performed by LC coupled to collision/ reaction cell ICPMS. For this purpose, different
separation mechanisms: reverse phase (RP), anion exchange (AE) and size exclusion
chromatography (SEC), were coupled to the ICPMS following the experimental
conditions given in Table 1. It is interesting to note that the sum of Se species detected
by AE-LC-ICPMS and RP-LC-ICPMS was much lower than the total Se in the resulting
enzymatic extracts of muscle fish. SeMet was the only Se compound detected in the
samples, representing 30% of total selenium. Fig. 4 A.and .4 B show the
chromatograms of seleno compounds detected in fish muscle after applying the

procedure optimized in Fig. 3 by wusing AE and RP, respectively.
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Fig. 4. Chromatographic profiles obtained by anion exchange LC-ICP-MS (A) and
reverse phase LC-ICP-MS (B) for "®Se corresponding to enzymatically hydrolyzed

extracts of lyophilized fish muscle
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. These results are in concordance with other reported values appeared in the literature
(28% for tuna, 35% for shellfish, 38% for BCR-627 reference material, 56% in shark)
after enzymatic hydrolysis [17]. In most studies, however the chromatographic recovery
is not reported. It has been demonstrated that during the enzymatic extraction of marine
tissues, some Se compounds might remain bound in peptide form, depending on the

cleavage specificity of the enzyme and the analyzed fish species.
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In order to confirm those results, enzymatic extracts of fish tissue were analyzed by

SEC coupled to ICPMS. The molecular weight distribution is presented in Fig. 5A.
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Fig. 5. Chromatographic profile obtained by SEC-ICP-MS for "®Se corresponding to
enzymatically hydrolyzed extracts of lyophilized fish samples (A). Chromatographic
profile obtained by SEC-ICP-MS for "®Se after a second enzymatic extraction of peak |

by using 5:1 sample/alcalase mass ratio (B). Chromatographic profile obtained by
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reverse phase LC-ICP-MS for "®Se corresponding to a second enzymatic extraction of

peak | by using 5:1 sample/alcalase mass ratio (C)

Selenium appeared associated in the enzymatic extracts to low molecular weight
compounds (<5KDa). The low molecular mass range (Peak Il) showed the match in
retention time of a peak at 8.2 min and SeMet standard, which represented
approximately 30% of the total Se in the extract. The results obtained by SEC were in
agreement with the data of SeMet quantification obtained previously by either AE or RP

separation

On the other hand, fraction corresponding to peak | (from 6.5 min to 9.5 min)
represented approximately a 60% of total Se in the extract. Firstly, it was thought that
the presence of this broad peak might be due to the fact of some Se compound remain
bound in peptide form, depending on the cleavage specificity of the enzyme and the
analyzed sample. To investigate the characteristics of this fraction, Se-containing peak 1
was collected and subjected to a second hydrolysis by using two enzymes: Protease and
alcalase. Alcalase was selected for being one of the highly efficient bacterial protease
used to prepare functional fish and other protein hidrolyzates. Unfortunately, the
application of either alcalase or protease does not significantly improve the hydrolysis
of the peak | (Fig. 5B). Further, after collecting this fraction and subsequent analysis by
RP-LC-ICPMS, the chromatographic profile shows an small peak at the void volume
indicating that neither protease nor alcalase were able to hydrolyzed Se-compound
presented in Peak 1 either by using MAEE, normal incubation or UAEE.

From our results, the Se-compounds associated to the 5 kDa fraction are resistant to the
action of enzymes being responsible of the low recovery values obtained in
chromatographic separation by either RP or AE chromatography,. The use of enzymes
such as protease or alcalase render to the formation of Se compounds of 5kDa size that
corrupt the HPLC chromatographic recoveries.

Besides the presence of Se- amino acids in the extracts, a large portion of the selenium
might be associated to other lower molecular weight organic compounds than
selenoamino acids and their derivatives and being resistant to the action of enzymes.
These findings have been corroborated by other authors. It has been reported that
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selenium in the water-extract from the Niboshi a Japanese anchovy (Engraulis
japonicas) mostly ascribed to organoselenium compounds other than seleno amino
acids with a molecular mass less than 5 kDa. lon-exchange chromatographic separations
revealed that most of the selenium species in the extract possess anionic and/or
amphoteric characteristics [6]. In flat fish contain low-molecular mass selenium species
other than SeCyst and SeMet [12]. Recently, selenonine was separated from the blood
of blue tuna fish [16]

3.4 Determination of SeMet in fish muscle using ‘exact matching’ species specific

isotope dilution method with liquid chromatography ICPMS.

As noted earlier SeMet was quantitatively extracted in muscle fish and therefore its
quantification was achieved by SSID coupled to LC-ICPMS. To circumvent potential
difficulty in mass bias correction, an exact matching approach was applied. The exact
matching technique is an iterative process, and, for samples of unknown concentrations,
it is necessary to make a preliminary measurement in order to determine the
approximate analyte concentration. Using this information samples and standards can be
prepared to contain equimolar concentrations of analyte and labelled analogue. Ideally,
this results in the ratio measurements for both sample and standard being
indistinguishable in a mass spectrometer. As the standard has been gravimetrically
prepared the sample concentration can be easily calculated from its measured ratio.
Therefore, the concentration of SeMet was first estimated by means of standard addition
LC inductively coupled plasma mass spectrometry (LC-ICPMS). Samples were
extracted following the conditions previously optimized. For the ‘exact matching’
IDMS procedure a calibration blend was prepared from a standard solution of SeMet
and "°SeMet IS solution so that the unlabelled/labelled ratio of the calibration blend
matched as closely as possible that of the sample blend, prepared by mixing the fish
sample with the same IS solution. The different blends were prepared so that their
respective analyte/IS ratios were as close as possible to unity for highest accuracy. The
peak areas of the resulting MRM chromatograms were used to calculate the measured
ratios of the two isotopic forms ("°SeMet and natural analyte). A RP-LC-ICP-IDMS
chromatogram of an enzymatic extract of fish muscle obtained by the extraction

procedure previously optimized is shown in Fig. 6.
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Fig. 6. LC-ICP-IDMS profile of enzymatic extracts of lyophilized fish samples obtained
by ultrasound-assisted enzymatic extraction following the procedure schematized in
Fig. 3.

Satisfactory degree of the ratio and intensity matching between samples and calibration
blends were achieved in the first IDMS iteration. Further improvement in the degree of
matching from first iteration to third iteration was observed from 94.8 to 99.4% in
isotopic ratio. Concentrations of 1.8 + 0.1 mg kg™ and 2.18 + 0.04 mg kg™ (expanded
uncertainty, k = 2) for SeMet in two fish samples of fish 1and fish 2, respectively, were
obtained by LC-ICP-IDMS. These results are in good agreement with the recoveries
obtained by standard addition LC-ICPMS, 1.6 + 0.2. and 2.0 £ 0.1 (expanded
uncertainty, k = 2). To the best of our knowledge, this is first application of species
specific isotope dilution for the accurate and precise determination of SeMet in fish

muscle.
Conclusions

As it has been mentioned, Se-extraction from fish muscle is not an easy task requiring
the use of urea for quantitative extracting the selenium species. Its combination with
MAEE and USP dramatically decrease the sample treatment time compared to bath
incubation at controlled temperature, 24 h versus 30 and 4 minutes, respectively. In
addition, our results strongly indicate the formation of Se-compounds after enzymatic

hydrolysis which are responsible of corrupting the chromatographic LC recoveries of
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such samples. These 5 kDa Se-compounds seems to be resistant to the action of further
enzymatic hydrolysis by using proteases such as Pronase E or alcalase. Further an
accurate and precise method is described for the determination of SeMet in fish muscle
by using by ‘exact matching’ species specific isotopic dilution LC-ICPMS. The results
obtained were in good agreement by those provided by standard addition LC-ICPMS.
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Table 1. ICP-MS instrumental parameters and LC separation conditions

ICP-MS instrumental parameters

Forward power
Plasma gas flow rate
Carrier gas flow rate

Nebulizer gas flow rate

Dilution gas

Sample/skimmer cones

Collision gas
Collision gas flow rate
Isotope monitored
Dwell time per point
Replicates

LC separation conditions

Anion exchange
Column

Mobile phase
Injection volume
Flow rate

Column temperature
Elution mode

Size exclusion
Column

Mobile phase

Injection volume
Flow rate

Column temperature
Elution mode
Reverse phase
Column

Mobile phase
Injection volume
Flow rate

Column temperature
Elution mode

1550 W

15 L min®
0.75 L min*
0.83 L min*
0.3 mL min*
Ni

Hydrogen

6 mL min™
825e, 3 and "°Se
200 ms

3

Hamilton PRP-X100 (250 x 4.1 mm, 10 pum)
0.2% citric acid, 2% methanol (pH 5)

100 pL

1 mL min™

25°C

Isocratic

BioBasic SEC-60 (300 x 7.8 mm, 5 um)

50 mM Tris-HCI buffer, 0.05mM potassium chloride
(pH 6.8)

100 pL

1 mL min™

25°C

Isocratic

Zorbax Rx-Cg (250 x 4.1 mm, 10 um)

0.1% trifluoroacetic acid, 2% methanol (pH 2.1)
100 pL

1 mL min*

25°C

Isocratic
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Table 2. Total Se concentrations found in lyophilized fish samples and in certified reference material

(Antaerctic Krill Murst-ISS A22) by ICP-MS after microwave digestion

Total Se, x+s* ug Se g

Certified value

Concentration found

Antaerctic Krill Murst-ISS A22 7.37+£0.91
Fish 1
Fish 2
Fish 3
Fish 4
Fish 5

7.42 £0.52
6.2+0.4
8.44 +0.08
8.6+0.7
11.2+0.2
155+0.3

@Average value * standar desviation (n=3)
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Parte Experimental. Capitulo IlI

Capitulo lll. Selenoproteinas

El estudio de las selenoproteinas constituye uno de los temas de mayor interés para una
amplia variedad de 4dreas cientificas (bioquimica, medicina, nutricién, epidemiologia y
quimica). Se ha demostrado que las selenoproteinas estan implicadas en multitud de
enfermedades y procesos bioldgicos, sin embargo, a dia de hoy, sigue existiendo controversia
entre diferentes autores acerca del papel biolégico de algunas de ellas, e incluso algunas

funciones todavia no han sido bien establecidas.

En este trabajo (“Selenoproteins: the key factor in selenium essentiality. State of the art
analytical techniques for selenoprotein Studies”. Anal. Bioanal. Chem., 400 (2011) 1717) se
recoge la informacidn relacionada con las selenoproteinas mejor caracterizadas, asi como las
contribuciones mads importantes de la quimica analitica tanto para el estudio de las
selenoproteinas como de las proteinas que contiene Se. Se detalla el empleo de diferentes
técnicas analiticas, como la cromatografia multidimensional acoplada a la espectrometria de
masas (ICP-MS), la espectrometria de masas en tdandem de ionizacién con electrospray (ESI-
MS/MS), la espectometria de masas de tiempo de vuelo con desorcidn/ionizacién laser asistida
por matriz (MALDI-TOF) y la electroforesis en gel de poliacrilamida con dodecilsulfato sédico
con ablaciéon laser acoplada a espectrometria de masas (SDS-PAGE-LA-ICP-MS),.
Adicionalmente, se discuten los cambios producidos en los Ultimos afios en las técnicas

elementales y de elucidacion estructural para la determinacién de selenoproteinas.

Los estudios recogidos en este trabajo concluyen que la combinacidn de la informacion
derivada de estudios de especiacidn, y la obtenida de ensayos de biologia molecular, es

necesaria para profundizar en las funciones bioldgicas de las selenoproteinas.
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lll.1. Selenoproteinas: El Factor Clave en la Esencialidad del Selenio. Estado de las
Técnicas Analiticas mas Avanzadas para el Estudio de las Selenoproteinas

“Selenoproteins: the key factor in selenium essentiality. State of the art analytical techniques
for selenoprotein Studies”
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Abstract Selenium is an essential element for human
health. The benefits of selenium are many including
protection against cancer, heart diseases and other cardio-
vascular and muscle disorders. Selenium is also helpful in
controlling gastrointestinal disorders, enhancing immunity
of the human body and reducing age-related diseases. The
health-promoting properties of Se are due to vital functions
of selenoproteins in which selenium is present as seleno-
cysteine, the 21st amino acid. To date, dozens of seleno-
protein families have been described though many have
roles that have not been fully elucidated. Selenoproteins
research has attracted tremendous interest from different
scientific areas. Analytical chemists have not remained
indifferent to the attractive features of these unique
proteins. Different analytical techniques, such as multidi-
mensional chromatography—inductively coupled plasma
mass spectrometry (ICPMS), electrospray (tandem) mass
spectrometry (ESI-MS/MS), matrix-assisted laser desorp-
tion ionization time-of flight (MALDI-TOF) and sodium
dodecyl sulphate polyacrylamide gel electrophoresis—laser
ablation inductively coupled plasma mass spectrometry
(SDS-PAGE-LA-ICPMS), have been applied to the deter-
mination of selenoproteins and selenium-containing pro-
teins. This review describes the best-characterized
selenoproteins to date in addition to the major contributions
of analytical chemistry to the field of selenoproteins. The
article also highlights the challenges of combining elemen-
tal and molecular mass spectrometry for the determination
of selenoproteins and selenium-containing proteins.

I. L. Heras - M. Palomo + Y. Madrid (P<))

Departamento de Quimica Analitica. Facultad de Ciencias Quimicas,
Universidad Complutense de Madrid,

Avda. Complutense s/n,

28040 Madrid, Spain

e-mail: ymadrid@quim.ucm.es

Keywords Mass spectrometry / ICP-MS - Genomics /
Proteomics - Bioanalytical methods - Speciation

Introduction

Selenium (Se) is an essential element for human health.
Historically, it was considered to be a toxic agent in
mammals. However, Schwarz and Foltz [1] reported in
1958 that selenium prevented liver necrosis in rats under
vitamin E deficiency. This finding together with a report [2]
that highlights the importance of selenium when Escher-
ichia coli is grown anaerobically in the presence of glucose
supports the consideration of selenium as an essential
nutrient for mammals and for certain bacteria. Later it was
revealed that selenium deficiency was the cause of several
disorders in animals, such as white muscle disease, in
addition to contributing to Keshan disease in humans [3].
Currently, the essentiality of selenium is beyond doubt and
its effect on the appearance of several diseases has been
reviewed extensively in the literature [4—8]. Selenium
deficiency in addition to mutations or polymorphisms in
selenoprotein genes and synthesis cofactors are all factors
involved in a wide variety of diseases, such as muscle and
cardiovascular disorders, immune dysfunction, cancer, and
neurological and endocrine function disorders.

On the basis of the aforementioned evidence, it is no
wonder that selenium biochemistry has developed rapidly
in the last 30 years. Selenoproteins and selenium metab-
olomics studies have also attracted the interest of the
analytical chemistry community. Different analytical tech-
niques, such as multidimensional chromatography—ICPMS
(inductively coupled plasma mass spectrometry), electro-
spray (tandem) mass spectrometry (ES-MS, ES-MS/MYS),
matrix-assisted laser desorption ionization time-of flight
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(MALDI-TOF) and sodium dodecyl sulphate polyacryl-
amide gel electrophoresis (SDS-PAGE)-laser ablation
inductively coupled plasma (LA-ICPMS), have been
applied in selenoproteomics studies. This review is an
attempt to combine the knowledge from these two related
areas by describing the best-characterized selenoproteins to
date in addition to the major contributions of analytical
chemistry to the field of selenoproteins. For this purpose,
the review has been divided into two parts. The first
describes selenoproteins and their effect on health in
addition to such controversial issues as selenium supple-
mentation and clinical trials. The second part outlines the
advantages and limitations of the most relevant analytical
techniques used for the study of selenoproteins.

Selenoproteins—the key factor in selenium essentiality

Selenocysteine (SeCys)-containing proteins are called
selenoproteins (selenomethionine-containing proteins are
not regarded as selenoproteins because of the non-
specific nature of Se utilization in these proteins).
Selenium is incorporated into proteins not simply though
ionic association, as most metals are, but is covalently
bonded within the amino acid SeCys (selenocysteine),
the 21st amino acid To date, dozens of selenoprotein
families have been described though many have roles
that have not been elucidated.

The starting point for the foundation of the molecular
biology of selenium took place in 1973 when two
independent groups found that selenium was an essential
component in mammalian glutathione peroxidase [9, 10]. In
both cases, the selenocysteine moiety in the protein
coincided with a TGA codon in the corresponding gene.
Selenoproteins are present in all three domains of life:
bacteria, archaea and eukaryota. However, some organisms
do not use SeCys. For example, yeast and higher plants lost
the SeCys insertion machinery during evolution and,
therefore, do not possess selenoproteins; in these organ-
isms, cysteine-containing homologues of some selenopro-
teins are utilized instead. Most of the selenoproteins can be
classified into two groups according to the location of the
selenocysteine in the selenoprotein polypeptide. In group I,
selenocysteine is located on the N-terminal position of the
function domain. Selenoproteins such as glutathione per-
oxidases (GPx) and selenoprotein W belong to this group.
In group II, selenocysteine is present on the C-terminal
sequence as occurs in the thioredoxin reductases family.

The development of genomics techniques and the
completion of the human genome project have led to the
identification of dozens of families of selenoproteins and
more will probably appear in the future. The size of the
selenoproteome varies significantly among organisms, with

@ Springer

aquatic organisms having a larger number of selenopro-
teins. The human selenoproteome contains 25 known
selenoprotein genes comprising five SeCys-containing
glutathione peroxidases (GPxs), three thioredoxin reduc-
tases (TRxRs), three iodothyronine deiodinases (DIOs),
selenoprotein W, selenoprotein SelP, SPS2, Sepl5, SelM,
MsrB1 as well as selenoproteins I, N, O, H, T, K and S
[11]. Rodents and humans have most selenoproteins in
common except GPx6. Human GPx6 is a selenoprotein, but
in rodents SeCys has been replaced by Cys. Fish have the
same number of selenoprotein families as the human
selenoproteome. But fish also have several selenoproteins
(Fepl5, Sell, Sell) that are not in mammals, as well as
several SeCys-containing copies of selenoproteins T, U and
W, and two forms of SelP [11]. Neither selenoproteins nor
SeCys insertion machinery have been detected in the
genome of the fungus, which is consistent with the idea
that selenoprotein genes were lost at the base of the
kingdom of fungi. Similarly, whereas large selenopro-
teomes appeared in Chlamydomonas, Volvox and Ostreo-
coccus, higher plants such as Arabidopsis thaliana and
Oryza sativa have completely lost both selenoproteins and
SeCys insertion machinery [12].

Selenoproteins are a thousand times more effective in
catalysis than their cysteine homologues [13]. Besides the
close resemblance between selenium and sulphur, the
selenium atom gives SeCys quite different properties from
Cys. SeCys is a stronger nucleophile than the less reactive
Cys, which means that selenoproteins have higher reaction
rates with electrophilic substrates [14]. The greater effec-
tiveness of SeCys in catalysis is likely one of the major
reasons that nature has invested in evolving Se-dependent
pathways [12].

As was previously mentioned dozens of selenoproteins
have been discovered but not all are well characterized.
Table 1 shows the best-characterized selenoproteins to date
in addition to the diseases in which selenoproteins are
known to be involved.

Effect of selenium supplementation on cancer prevention

The important role of selenoproteins in metabolism is
illustrated by the adverse consequences of selenium
deficiency in human and animal health. Selenium deficien-
cy decreases selenoprotein expression, thus altering the
biological processes in which they are involved, and
therefore promoting the appearance of several diseases.
Among the many health benefits attributed to selenium, the
one that has attracted the most attention is cancer
prevention. Much has been written about selenium as a
cancer-preventative agent, and many clinical trials with
thousands of subjects administered with selenium supple-
mented diets have been undertaken.
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Sel I (selenoprotein I)

[36]

27?

Phospholipids synthesis

It is the form in which the enzyme ethanolamine

phosphor transferase is found in mammals
SelR/SelX (selenoprotein R and selenoprotein X)

[36]

Reduction of methyl sulphoxy groups

This protein belongs to the family of methionine

sulphoxide reductases
SeIN (selenoprotein N)

[37]

Several inflammatory diseases have been

Multiminicore diseases

Calcium signalling

It is located in the ER of mammalian cells

correlated with SelS polymorphisms

Rigid spine and muscular

dystrophy

SelS (selenoprotein S)

[38, 39]

Inflammation responses

Removal of misfolded proteins

It is located in the ER of mammalian cells

from the ER membrane

SelK, SelM, SelT, SelO and SelV (selenoproteins K, M, T, O and V respectively)

[40]

Knowledge about the functions and roles

27?

Removal of misfolded proteins

They are all located in the ER of mammalian cells

of these selenoproteins is very limited

from the ER membrane ??

ER endoplasmic reticulum, UGTR UDP-glucose:glycoprotein glucosyltransferase

The first double-blind study using selenium as a chemo-
preventive agent, Nutritional Prevention of Cancer (NPC),
was published in 1996 by Clark et al. [40]. A total of 1,312
individuals of both sexes were studied and no significant
effects were observed in the incidence of non-melanoma skin
cancer after daily supplementation with 200 pg Se/day. On
the basis of NPC trial data, 457 men who received such
selenium supplementation were compared to 470 men
receiving placebo (a 7-year follow-up study), and a signif-
icantly lower incidence of prostate, lung and colorectal
cancer was observed among those supplemented [41-43]

These early studies suggested that selenium may reduce
the risk of different forms of cancer. However, no significant
effects on the prevention of prostate cancer were observed in
two subsequent trials: a secondary analysis of the NPC [44]
as well as the recently reported SELECT (Selenium and
Vitamin E Cancer Prevention Trial) [45]. These unexpected
results were attributed to the different experimental designs
used in both trials. Unlike the NPC study, SELECT used
purified selenomethionine as supplement instead of sele-
nized yeast. Also, in the SELECT study the possibility that
supplementation with selenium increases the risk of type 2
diabetes was suggested for the first time [45].

The manner in which selenium acts in preventing cancer
is poorly understood; and there has been considerable
discussion whether there are selenium-containing proteins
(selenoproteins), low molecular weight (non-protein) sele-
nocompounds, or both that are responsible for preventing
cancer. Those in favour of the effectiveness of selenocom-
pounds state Se supplementation as the best way for
decreasing cancer incidence even when no correlation has
been observed between supplementation and increased
levels of selenoproteins in blood and plasma [46—48]. It is
interesting to note that all the studies were performed using
mice exposed to high concentrations of selenium (signifi-
cantly higher than the normal dietary intake), and also at a
time when the knowledge about the functions of the
selenoproteins was very limited. Nowadays selenoprotein
functions are better understood and their important role in
cancer prevention is irrefutable. Irons et al. [48] by using
mouse models postulated the direct role of both selenopro-
teins and low molecular selenocompounds in cancer preven-
tion. Interestingly, a recent study has shown that some
selenoproteins appear to have a ‘split personality’ in having
roles both in preventing and promoting cancer. TRxR1 and
Sepl5 appear to have a role in cancer prevention in normal
cells, but in malignant cancer cells reverse their role to
promote cancer. Also, against the dominant opinion on the
role of selenium in cancer prevention, examples of cancer
development inhibition by selenoprotein deficiency have
also been reported in mouse models [49, 50]. Finally, not all
selenoproteins respond equally to either selenium deficiency
or supplementation [51, 52].
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These studies highlight the complex nature of selenium
in relation to cancer and clearly shown that the role of
selenium in cancer prevention is not well understood yet.
The role of selenoproteins should be carefully examined to
establish whether supplementation is advisable for treat-
ment or prevention of a specific disease. On the other hand,
the data obtained from studies performed in humans have
suggested that selenium supplementation might increase the
risk of type 2 diabetes. Therefore, researchers should be
more prudent and wait for additional genetic mechanistic
and animal studies before undertaking large and very
expensive human trials.

Selenoproteins in analytical chemistry

The study of selenoproteins is a hot research topic as shown
in the papers published over the last 10 years (Fig. 1).
Selenium research has attracted the interest of many
analytical chemists as evidenced by the increasing number
of publications in recent years. Selenium speciation has
focused mainly on the determination low molecular weight
selenocompounds (seleno amino acids and metabolites) in
food, feed and biological matrices by using HPLC-ICPMS.
In recent years, the characterization of protein-bound trace
elements has become one of the most active research areas
in analytical chemistry. For this reason, the methodology
used in classical proteomics has been gradually incorporat-
ed into the analytical speciation studies. The application of
both elemental and organic mass spectrometry methods,
usually preceded by liquid chromatography or gel electro-
phoresis techniques, has become the centrepiece of most
studies on selenoproteins and selenium-containing proteins.
This section includes the most relevant aspects involved in
the separation, detection, identification and quantification
of selenoproteins and selenium-containing proteins in
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Fig. 1 Selenoprotein studies in scientific publications (2000-2010).
Source: ISI Web of Knowledge

addition to issues related with their stability. Table 2 shows
selected examples of selenoprotein determinations on the
basis of the used of analytical techniques.

Analytical approaches for analysis of selenoproteins and
selenium-containing proteins

To date, most of the analytical studies in the field of
selenoproteins have focused on the determination of
selenoalbumin (SeAlb), SelP and GPx in serum and plasma
by using HPLC-ICPMS. These proteins have been used as
bioindicators of Se nutritional status, particularly correlated
with supplementation. Although SeAlb is not a selenopro-
tein, it could be considered as a bioindicator of selenium
status, because its level decreases with the host’s age,
whereas this behaviour is not observed for SelP and GPx.
The presence of selenoprotein P in human plasma was first
reported by using size-exclusion chromatography (SEC)
with ICPMS coupling [53]. This methodology was subse-
quently applied to study selenium screening distribution in
animal muscle [54], plants [55], cow serum [56] and
chicken liver [57]. However, its lack of resolution for
resolving serum GPX from SelAlb makes its application
very limited. To overcome this problem, alternative
methodologies based on the combination of on-line affinity
columns for serum SelAlb, SelP and GPx determination
have been reported. The classical approach is based on the
use of two affinity columns, a Heparin Sepharose column
coupled to a reactive Blue Sepharose column. SelP is
selectively retained in the heparin stationary phase whereas
SeAlb is retained on the Blue Sepharose stationary phase.
GPx is not retained by any of the stationary phases. These
two columns have been used for the separation of the
mentioned selenoproteins in human serum [58] and plasma
[59—61] with atomic absorption spectrometry and ICPMS
coupling, respectively. The mayor drawback of this
procedure is that GPx elutes in the void volume, co-
eluting with unretained salts and all other plasma proteins.
The presence of unretained species, such as CI" and Br,
causes serious spectral interferences ( *°Ar’’Cl, ”Br'H and
81Br'H), which leads to erroneous results. For example, an
overestimation of 300% (*Se) and 400% ("’Se) in the
determination of GPx concentration in serum has been
reported [62] when AF-HPLC was applied without prior
removal of Br and Cl interferences. Several studies [62—65]
have proposed the use of anion exchange solid-phase
extraction (AE-SPE) to selectively remove chlorine- and
bromine-containing interferences in human serum. The
main drawbacks of these off-line approaches are, however,
the introduction of a laborious step into the analytical
process. To overcome these problems, the application of a
microbore affinity-HPLC (AF-HPLC) hyphenated to induc-
tively coupled plasma-—sector field mass spectrometry (ICP-
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[83, 84]

sequenced in selenized yeast. In addition a family

A selenopentapeptide was firs identified and
of Se-containing proteins, named SIP18 and

2. Fractionation of selenocompounds by SEC-ICPMS

1. Aqueous extraction of selenocompounds from

selenized yeast

Selenized yeast

MALDI-TOFMS,

RP-HPLC-ICPMS,
ESI-MS/MS

HSP12 proteins, were detected in yeast aqueous

extracts

3. Tryptic digestion of selenium-containig proteins
5 Se peptides fractionation by RP-HPLC

6. MALDI-TOFMS and ESI-MS/MS identification

[87]

Alkylated SelP and GPx derivatives were

1. Purification of SelP and isolation of its full-length

isoform by AF-HPLC

Rat plasma (SelP and GPx)

MALDI-TOFMS,

characterized by molecular mass spectrometry

nano-ESI-MS/MS

2. Purification and isolation of GPx by AF-HPLC
3. Deglycosylation of the SelP full-length isoform

4. Tryptic digestion of selenoproteins

5. Analysis by MALDI-TOF and nano-ESI-MS/MS
1. Derivatization of GPx with DTT and IAM

2. SEC-ICPMS analysis

[92]

The stability of Se-containing proteins was studied

Human serum (SelP, GPx,

SEC-ICPMS

under non-denaturing conditions

Alb, SeMet, Se(VI) and

Se(IV) standards)
Human serum (Sel Alb)

[99]

SeMet was quantified in serum samples using SSID

1.Enzymatic hydrolysis of human serum SeAlb by using

protease

AF-HPLC-ICPMS

and the method was presented as an alternative for

quantifying Alb in serum

2. Quantification of SeMet by SSID with RP-HPLC-ICPMS

AF-HPLC affinity-HPLC, BLUE Hitrap Blue Sepharose, DTT dithiothreitol, HEP Hitrap Heparin Sepharose, HG hydride generation, /AM iodoacetamide, /DA isotopic dilution analysis, ns
nanosecond, LA laser ablation, RP-HPLC reversed-phase HPLC, SEC size-exclusion chromatography, SSID species-specific isotope dilution, SFMS sector field mass spectrometry

SFMS) for simultaneous analysis of glutathione peroxidase
(GPx), selenoprotein P (SelP) and SeAlb in serum was
recently reported [66, 67]. The use of high-resolution
ICPMS allows the determination of serum selenoproteins
without the need for an additional separation step. However,
the instrumentation required is not available for routine
analysis in most laboratories.

As shown, methods based on the use of on-line affinity
columns are the most widely implemented for determina-
tion of selenoproteins in serum/plasma samples. Besides,
the promising analytical advances, several aspects such as
quantification are still a challenge.

Gel electrophoresis (GE) sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) in one-
or two-dimensional format is a powerful tool for the
separation of selenoproteins and Se-containing proteins.
The location of Se-containing bands in 1D GE or spots in
2D GE has been done by using different approaches, such
as instrumental neutron activation analysis (INAA), auto-
radiography of radioactive (e.g. "*Se-labelled) species and
laser ablation inductively coupled plasma MS (LA-ICPMS).
Until recent years, autoradiography was the only technique
to detect heteroatoms in proteins previously separated by gel
electrophoresis [68]. By using this approach, *Se-containing
proteins have been detected in rat tissues [69] and rice [70].
The biosynthesis of selenoproteins in bovine mammary cell
line MAC-T was evaluated by using 2D gel electrophoresis
followed by autoradiography [71]. For this purpose, cells
were allowed to grow for 72 h in serum medium containing
[7°Se]-selenite. A subsequent analysis of the tryptic digests of
proteins extracted from >Se-labelled spots with MALDI-TOF
evidenced the presence of GPx 1, TrxRs (types 1 and 2),
SelP, DIO, GPx4 and 15 kDa.

In spite of the good results given by the use of 2D
electrophoresis followed by autoradiography, the use of
>Se isotopes makes the sample handling hazardous and
restricts its application to human studies. Laser ablation
(LA)-ICPMS seems to be an excellent alternative for
selenium detection after SDS-PAGE protein separation.
Fan et al. [72] first used SDS-PAGE-LA-ICPMS to identify
selenium species in protein extracts from an avocet embryo
and a bass ovary collected from Se-enriched waters. Eight
and five distinct bands of selenoproteins were revealed,
respectively, of which four bands (100, 60, 50 and 48 kDa)
were present in both organisms. Later the method was
applied to the detection of glutathione peroxidase isolated
from red blood cells [73] and for screening selenium
proteins in fish tissues [74, 75]

To date SDS-PAGE-LA-ICPMS has proved to be the
most appropriate technique for the separation and detection
of selenoproteins and selenium-containing proteins. How-
ever, the method has failed to detect low levels of
selenoproteins. One way to improve sensitivity is the use
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of a femtosecond (fs)-LA-ICPMS. Compared to a conven-
tional nanosecond (ns) laser ablation, the signal sensitivity
is enhanced 40-fold owing to the increase in the amount of
ablated protein per unit time [76, 77]. However, as more
matter is ablated, the signal-to-background ratio is consid-
erably higher (ca. 20 times) than in ns LA-ICPMS. Using
this methodology the selenoprotein formate dehydrogenase
in Escherichia coli and two selenoproteins in the sulphate-
reducing bacterium Desulfococcus [78] has been detected.
SDS-LA-ICPMS has also been used for the separation of
selenoproteins and selenium-containing proteins in yeast
followed by MALDI-TOFMS and ESI-MS/MS identifica-
tion. Most of the reports have been provided by the group
of Lobinski [79-84]. A large part of their contributions
concerns the application of a multidimensional approach
that involves the following steps: (1) separation of
selenoproteins by 1D or 2D gel electrophoresis, (2) specific
detection of selenium-rich band or spots by LA-ICPMS, (3)
in-gel trypsin digestion of selenium-rich band or spots, (4)
application of nano-HPLC-ICPMS for specific mapping of
selenopeptides from gel bands or spots and (5) identifica-
tion of Se peptides by nano-HPLC-ESI-MS/MS. So far, this
method has shown a very limited application range,
specifically samples other than yeast where Se concentra-
tion is higher than 1,000 png/g. The main difficulties of this
methodology are due to the low concentration of the
selenoprotein and/or selenium-containing protein extracted,
combined with suppression of the target analyte ionization
by matrix components. Therefore, identification with
molecular MS requires the use of multistep sample
preparation or preconcentration sample procedures. How-
ever, such methods often lead to species transformation. On
the other hand, the effective extraction of intact proteins
from the gel is a difficult task. The problem arises because
the extracted Se-containing proteins are often accompanied
at least by their methionine analogues that are more
abundant and preferentially ionized. From the foregoing
account, it is clear that interest in selenoproteomics has
being gradually moving towards selenium metabolomics
studies based on the identification of selenium-containing
metabolites by electrospray MS following multidimensional
purification.

Selenoprotein stability: conversion of selenocysteine
into dehydroalanine

At this point, it is worth having a closer look at
selenoprotein stability. Selenoproteins, specially GPx and
SelP, are readily degraded because of selenocysteine
instability. The selenium atom in selenocysteine is more
prone to oxidation than that in selenomethionine [85-87].
Selenocysteine is converted to dehydroalanine via oxidation
to the selenoxide followed by (3-elimination of seleninic
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acid. Such (-elimination reactions in seleno amino acids
have attracted the interest of some researchers owing to the
anticarcenogenic properties attributed to the alkyl selenol
products [88, 89]. The enzyme {3-lyase was first identified
in rat liver and its ability to transform free selenocysteine
into alanine and elemental selenium was also described
[90]. Later the enzyme was found in the cytosolic fraction
of mouse tissues, principally in liver and kidney [91], thus
suggesting its role in selenium removal from selenopro-
teins. The aforementioned evidence clearly shows that GPx
and SelP stability is affected by selenocysteine degradation
via a [3-elimination mechanism. It is therefore necessary to
use a sample treatment procedure based on reduction with
dithiotreitol (DTT) followed by acetylation with iodoaceta-
mide (IAM) to prevent oxidation of selenocysteine [92],
and therefore to adequately determine selenoproteins. The
preparation of carbamidomethyl-selenocysteine (CAM-
SeCys) requires a huge excess of reagents, the limiting
step of the reaction being the reduction of SeCys,.
Therefore, the procedure must ensure the removal of
unreacted SeCys, in addition to an effective separation of
CAM-SeCys from by-products and leftover reagents.
Dernovics et al. [93] optimized a method that involves
preparation, isolation (cation-exchange chromatography)
and characterization (ESI-QTOF-MS/MS) of CAM-SeCys.
Briefly, SeCys, was first reduced with dithiothreitol and
then carbamidomethylated with iodoacetamide. The result-
ing CAM-SeCys derivative was separated from the
unreacted SeCys, and iodine species by cation-exchange
HPLC. The method was further applied for SeCys
speciation in a mixture of selenocysteine-containing
glutathione-derived peptides, isolated from Se-enriched
yeast. The proteolytic digestion of the mixture of SeCys-
containing metabolites with and without carbamidomethy-
lation was monitored by 2D (size-exclusion ion-pairing
reversed-phase) HPLC-ICPMS and electrospray MS/MS.
The results showed that proteolytic digestion by using
protease was unable to liberate SeCys from SeCys-
containing oligopeptides, and instead carbamidomethyl-
selenoglutathione was detected by MS/MS. These data
seriously question the reliability of those studies that state
the presence and quantification of selenocysteine in yeast.
Through the use of this procedure it was possible to
determine selenomethionine and selenocysteine in edible
animal tissues [94] and eggs [95]. The end products from
carbamidomethylation of the different selenium species
were identified by electrospray QTOF-MS. Selenomethio-
nine gave peaks that were attributed to side reactions
provoked by the excess of IAM during its derivatization.
The method allowed the contribution of selenoproteins
(SeCys) and selenium-containing proteins (SeMet) to be
distinguished and it was presented as an alternative to Se-
proteins identification by ES-MS protocols.
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In spite of carbamidomethylation, losses of selenium
have been detected in some selenopeptides from SelP.
These unexpected results were attributed to various factors,
such as loss of the selenium atom during purification and
characterization of selenoproteins and the low efficiency of
the acetylation reaction that may cause the presence of free
selenocysteine in the sample. Similar findings were
obtained for the analysis of GPx in rat plasma [87].

Because of the limited stability of selenocysteine,
selenoprotein determination requires more careful attention
than the analysis of selenomethionine-containing proteins.
Carbamidomethylation appears to be an essential step to
protect selenol groups in SeCys-containing selenoproteins;
however, the derivatization agent could react with seleno-
methionine and/or excess of reagents, causing artefact peaks
that could alter the derivatization efficiency and prevent the
subsequent identification. For all cases mentioned, multidi-
mensional chromatography schemes followed by ICPMS
and ESI-MS/MS should be applied to control the perfor-
mance of the reaction [96].

ICPMS for quantification of selenoproteins
and selenium-containing proteins

Despite the promising achievements in the application of
analytical techniques for selenoprotein separation and
detection, quantitative determination of selenoproteins is
not a straightforward task because of the lack of reference
materials for method validation and the poor stability of
selenoproteins. Most of the studies reported have focused
on quantification of proteins in serum by using post-column
isotope dilution and ICPMS. The use of isotopic dilution
analysis (IDA)-ICPMS for quantitative analysis of proteins
has been summarized in recent reviews [97, 98]. In this
methodology, an isotopically enriched spike of the element
to be determined (in a chemical form that can be different
from that of the analyte) is added post-column. The
procedure allowed the quantitative determination of endog-
enous trace elements in biomolecules of unknown identity.
Hinojosa Reyes et al. [63] succeeded in determining
selenium in human serum by affinity chromatography (Hi-
Trap Heparin- and Hi-Trap Blue-Sepharose columns)
coupled to ICPMS with an octapole reaction system
(ORS). Selenium quantification was performed by post-
column IDA by continuous mixing of an enriched "’Se
spike solution with the eluent from the column. Finally, the
8Se/’Se or %°Se/’’Se isotope ratios were monitored and
the amount of selenium bound to proteins was evaluated.
Three main selenium fractions were separated and quanti-
fied: selenoprotein P, albumin and glutathione peroxidase.
The performance of mass balance under different experi-
mental conditions showed a quantitative selenium recovery.
The proposed methodology was applied to selenium

speciation in human serum samples from healthy volunteers
and patients on haemodialysis. The method has been
extensively applied to the quantification of GPx, SelP and
SeAlb in human serum [62, 67, 99] and plasma [100].
Although affinity-HPLC (AF-HPLC) with on-line post-
column isotope dilution ICPMS coupling has been shown
to provide the more selective separation and accurate
quantification of selenoproteins in serum, in comparison
with approaches based on size exclusion and calculations of
selenium peak area distribution, there are still remaining
challenges. Post-column IDMS calibration does not account
for any analyte losses or transformation occurring during
sample preparation or species separation. This fact should
be taken into account because of the selenoprotein
instability. On the other hand, the lack of speciated certified
reference materials makes a proper method validation
difficult. Jitaru et al. [99] addressed an alternative approach
for the determination of selenium in human serum
selenoalbumin consisting of enzymatic hydrolysis of the
whole serum followed by the determination and quantifi-
cation of SeMet by using species-specific isotopic dilution
(SSID) with RP-HPLC hyphenated to ICPMS. Although
this methodology cannot be used to distinguish between
selenium associated with SelP and GPx, it could be
considered as an alternative for the accurate quantification
of SeAlb for serum samples that do not contain free SeMet.

Conclusions

The study of selenoproteins is a topic of special interest for
many scientific areas, such as biochemistry, medicine,
nutrition, epidemiology and chemistry. Selenoproteins are
implicated in a variety of diseases; however, the functions
of some of the selenoproteins are still controversial or
remain unknown. At the last International Symposium on
Selenium in Biology and Medicine, “Selenium 2010 held
in Kioto (Japan), the following challenges were raised: (1)
Improve knowledge about the mechanisms of individual
selenoprotein synthesis and (2) establish the efficiency of
selenium supplementation to prevent cancer and improve
selenium status in the selenium-deficient population. It has
been shown that selenium status affects expression of
individual selenproteins differently. Furthermore, examples
of inhibition of cancer development by selenoprotein
deficiency have also been given [50]. Controversy also
exits over whether Se administration predisposes one to
diabetes and other metabolic effects. So knowledge about
the effect of selenium status on gene expression and
metabolism obtained by using animal models is critical to
accurately predict the effect of selenium supplementation.
Compared with the amount of data based on the use of
genomics and bioinformatics tools, relatively few cases
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have addressed the use of ICPMS-based techniques for
selenoprotein studies. ICPMS methods usually preceded by
a separation step are the centrepiece of most selenium
speciation studies. In particular, LA-ICPMS has been
shown as an excellent tool for selenium detection after
SDS-PAGE protein separation; however, the further appli-
cation of ESI-MS/MS or MALDI-TOF usually fails for
selenoprotein identification. The lack of sensitivity of
molecular MS analysis combined with the ion suppression
from the sample matrix requires the application of multistep
sample preparation or preconcentration procedures. On the
other hand, selenoprotein quantification is still a challenge.
Post-column IDMS calibration does not account for any
analyte losses or transformation occurring during sample
preparation or species separation and there are no speciated
reference materials for method validation.

The complexity of the task makes the determination of
selenoproteins an almost impossible objective. An alterna-
tive method to the identification of Se-proteins by using
ES-MS protocols could be the determination of SeCys and
SeMet to differentiate between the contribution of seleno-
proteins and selenium-containing proteins, respectively. At
this point, the remaining question is, therefore: can ICPMS-
based techniques provide useful data for understanding
selenoproteins’ functions and roles? Giving an affirmative
answer to this question requires advances in the simplifi-
cation and efficiency of sample preparation as well as in the
detection capabilities of MS spectrometers. Advances in
mass spectrometric analyzers and tandem MS and MS" will
result in fast identification of selenoproteins in a great
variety of biological samples. Furthermore, the integra-
tion of both ion sources (ICPMS and ESI-MS/MS) in
one instrument has been recently reported [101, 102].
The use of nano-HPLC with the parallel ICPMS and
electrospray MS/MS is a valuable tool for specific
mapping of selenopeptides and subsequent selenopeptide
identification from gel bands or spots. However, interfaces
for standard coupling nano-HPLC to ICPMS are not
commercially available yet, thus limiting the use of the
method for routine purposes. Also, speciated certified
reference need to be produced for measurement validation
and quality control of proteins in serum.

Finally, more cooperation based on the analytical
expertise obtained from selenium speciation studies com-
bined with the expertise obtained from molecular biology
experiments will probably provide a better understanding of
the functions and roles of selenoproteins. Despite the
interest shown by analytical researchers on selenium
speciation, very few attend conferences devoted to seleni-
um biochemistry or related areas. Selenoproteins and
selenoproteomics is a multidisciplinary area which needs
the participation of all researchers for a correct and
unambiguous interpretation of the results.

@ Springer

Acknowledgements The authors acknowledge the financial support
of the Spanish MICINN (Ministry for Science and Innovation and
Regional Government of Madrid) through the projects CTQ-2008-
05925 and CAM-S2009/AGR/1464.

References

1. Schwarz K, Foltz CM (1958) J Biol Chem 233:245-251
. Pinsent J (1954) Biochem J 57:10-16
3. Papp LV, Lu J, Holmgren A, Khanna KK (2007) Antioxid Redox
Signal 9:775-806
. Boosalis MG (2008) Nutr Clin Pract 23:152—160
. Lu I, Holmgren A (2009) J Biol Chem 284(2):723-728
. Rayman MP (2000) Lancet 356:233-241
. Bellinger FP, Raman AV, Reeves MA, Berry MJ (2009) Biochem
J 422:11-22
. Latreche L, Chavatte L (2008) Met Ions Biol Med 10:731-737
9. Rotruck J, Pope A, Ganther HE, Swason AB, Hafeman DG,
Hoestra WG (1973) Science 179:588-590
10. Flohé L, Gunzler WA, Schock HH (1973) FEBS Lett 32:132-134
11. Kryukov GV, Castellano S, Novolselov SV, Lobanov AV, Zehtab
O, Guigo R, Gladyshev VN (2003) Science 300:1439-1443
12. Castellano S (2009) Biochim Biophys Acta 1790:1463-1470
13. Arner ESJ (2010) Exp Cell Res 316:1296-1303
14. Johansson L, Gafvelin G, Arner ESJ (2005) Biochim Biophys
Acta 1726:1-13
15. Arthur JR (2000) Cell Mol Life Sci 57:1825-1835
16. Rayman MP (2009) Biochim Biophys Acta 1790:1533-1540
17. Hoffmann PR (2007) Arch Immunol Ther Exp 55:289-297
18. Lillig CH, Holmgren A (2007) Antioxid Redox Signal 9:25-47
19. Anestal K, Prast-Nielsen S, Cenas N, Arnér ESJ (2008) PLoS
ONE 3(4):1-16
20. Buettner C, Harney JW, Berry MJ (1999) J Biol Chem
274:21598-21602
21. Beckett GJ, Arthur JR (2005) J Endocrinol 184:455-465
22. Kohrl J (2000) Cell Mol Life Sci 57:1853-1863
23. Motsenbocker MA, Tappel AL (1982) Biochim Biophys Acta
719:147-153
24. Burk RF, Hill KE (2005) Annu Rev Nutr 25:215-235
25. Scharpf M, Schweizer U, Arzberger T, Roggendorf W, Schomburg
L, Kohrle J (2007) J Neural Transm 114:877-884
26. Lu T, Pan Y, Kao SY, Li C, Kohane I, Chan, Yankner BA (2004)
Nature 429:883-891
27. Bellinger FP, He QP, Bellinger MT, Lin Y, Raman AV, White
LR, Berry MJ (2008) J Alzheimers Dis 15:465-472
28. Xia Y, Hill KE, Li P, Dingyou Zhou JX, Motley AK, Wang L,
Byrne DW, Burk RF (2010) Am J Clin Nutr 92(3):525-531
29. Vendeland SC, Beilstein MA, Chen CL, Jensen ON, Barofsky E,
Whanger PD (1993) J Biol Chem 268:17103-17107
30. Squires JE, Berry MJ (2008) IUBMB Life 60:232-235
31. Gladyshev VN, Jeang KT, Wootton JC, Hatfield DL (1998) J
Biol Chem 273:8910-8915
32. Kumaraswamy E, Malykh A, Korotkov KV, Kozyavkin S, Hu Y,
Kwon SY, Moustafa ME, Carlson BA, Berry MJ, Lee BJ,
Hatfield DL, Diamond AM, Gladyshev VN (2000) J Biol Chem
275:35540-35547
33. Jablonska E, Gromadzinska J, Sobala W, Reszka E, Wasowicz W
(2008) Eur J Nutr 47:47-54
34. Panee J, Stoytchev Z, Liu W, Berry M (2007) J Biol Chem
282:23759-23765
35. Horibata Y, Hirabayashi Y (2007) J Lipid Res 48:503—-508
36. Ferreiro A, Quijano-Roy S, Pichereau C, Moghadaszadeh B,
Goemans N, Bonnemann C, Jungbluth H, Straub V, Villanova
M, LeRoy JP (2002) Am J Hum Genet 71:739-741

~N N A [\

[ee]



State of the art analytical techniques for selenoprotein studies

1727

37.

38.

39.

40.

41.

42.

43.

44,

45.
46.
47.
48.
49.
50.
51.
52.
53.

54.
55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

Ye Y, Shibata Y, Yun C, Ron D, Rapoport TA (2004) Nature
429:841-847

Curran JE, Jowett JB, Elliott KS, Gao Y, Gluschenko K, Wang J,
Abel Azim DM, Cai G, Mahaney MC, Comuzzie AG (2005) Nat
Genet 37:1234-1241

Reeves MA, Hoffmann PR (2009) Cell Mol Life Sci.
doi:10.1007/s00018-009-0032-4

Clark LC, Combs GF, Turnbull BW, Slate EH, Chalker DK,
Chow J (1996) JAMA 276:1957-1963

Duffield-Lillico AJ, Reid ME, Turnbull BW, Combs GF Jr, Slate
EH, Fischbach LA (2002) Cancer Epidemiol Biomarkers Prev
11:630-639

Duffield-Lillico AJ, Dalkin BL, Reid ME, Turnbull BW, Slate EH,
Jacobs ET, Marshall JR, Clark LC (2003) BJU Int 91:608—612
Stranges S, Marshall JR, Natarajan R, Donahue RP, Trevisan M,
Combs GF, Cappuccio FP, Cericello A, Reid ME (2007) Ann
Intern Med 147:217-223

Lippman SM, Klein EA, Goodman PJ, Lucia MS, Thompson
IM, Ford LG, Parnes HL, Minasian LM, Gaziano JM, Hartline
JA (2009) JAMA 301:39-51

Ip C, Dong Y, Ganther HE (2002) Metastasis Rev 21:281-289
Rayman MP (2005) Proc Nutr Soc 64:527-542

Brigelius-Flohé R (2008) Chem Biodivers 5:389-395

Irons CD, Carlson BA, Hatfield DL (2006) J Nutr 136:1311-1317
Hatfield DL, Yoo Min-Hyuk, Carlson BA, Gladyshev VA (2009)
Biochim Biophys Acta 1790:1541-1545

Barnes KM, Evenson JK, Raines AM, Sunde RA (2009) J Nutr
139:199-206

Sunde RA, Raines AM, Barnes KM, Evenson JK (2008) Biosci
Rep 29:329-338

Wang J, Houk RS, Dreessen D, Wiederin DR (1999) J Biol Inorg
Chem 4:546-553

Daun Ch, Lundh T, Onning G, Akesson B (2004) J Anal At
Spectrom 19:129-134

Mounicou S, Mejia J, Caruso J (2004) Analyst 129:116-123
Palacios O, Ruiz Encinar J, Bertin G, Lobinski R (2005) Anal
Bioanal Chem 383:516-522

Cabafiero A, Madrid Y, Camara C (2005) J Anal Atom Spectrom
20:847-855

Harrison I, Littlejohn D, Fell GS (1996) Analyst 121:189-194
Papp LV, Lu J, Holmgren A, Khanna KK (2007) Antioxid Redox
Signal 9:775-806

Wang W, Chen Z, Davey DE, Naidu R (2009) Microchim Acta
165(1-2):167-172

Deng B, Shi A, Li L, Xie F, Lu H, Xu Q (2009) Microchim Acta
165(3—4):279-283

Jitaru P, Prete M, Cozzi G, Turetta C, Cairns W, Seraglia R,
TraldiP, Cescon P, Barbante C (2008) J Anal Atom Spectrom
23:402-406

Jitaru P, Cozzi G, Gambaro A, Cescon P, Barbante C (2008)
Anal Bioanal Chem 391:661

Hinojosa Reyes L, Marchante-Gayon JM, Garcia Alonso JI,
Sanz-Medel A (2003) J Anal Atom Spectrom 18:1210-1216
Jitaru P, Cozzi G, Seraglia R, Traldi P, Cescon P, Barbante C
(2010) Anal Methods 2:1382—-1387

Shigeta K, Sato K, Furuta N (2007) J Anal Atom Spectrom
22:911-916

Jitaru P, Roman M, Cozzi G, Fisicaro P, Cescon P, Barbante C
(2009) Microchim Acta 166:319-327

Szpunar J (2005) Analyst 130:442-465

Kannamkumarath SS, Wrobel K, Wuilloud RG (2005) Talanta
66:153-159

Szpunar J (2000) Analyst 125:963-988

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.
99.

100

101
102

Kyriakopoulos A, Hoppe B, Alber D, Graebert A, Kuhbacher M,

Weseloh G, Behne D (2004) J Radioanal Nucl Chem 259:453-458

Bruzelius K, Purup S, James P, Onning G, Akesson B (2008) J

Trace Elem Med Biol 22:224-233.

Fan TWM, Pruszkowski E, Shuttleworth S (2002) J Anal Atom

Spectrom 17:1621-1623

Chéry CC, Giinther D, Cornelis R, Vanhaecke F, Moens L

(2003) Electrophoresis 24:3305-3313

Pedrero Z, Madrid Y, Camara C, Schram E, Luten JB, Feldman I,

Waentig L, Heiko H, Jakubowski N (2009) J Anal At Spectrom

24:775-784

Pedrero Z, Murillo S, Camara C, Schram E, Luten JB, Feldmann

1, Jakubowski N, Madrid Y (2011) J Anal At Spectrom 26:116

Hergenroder R, Samek O, Hommes V (2006) Mass Spectrom

Rev 25:551-572

Claverie F, Pécheyran C, Mounicou S, Ballihaut G, Fernandez B,

Alexis J, Lobinski R, Donard OFX (2009) Spectrochim Acta

Part B 64:649-658

Ballihaut G, Claverie F, Cheyran CP, Mounicou S, Grimaud R,

Lobinski R (2007) Anal Chem 79:6874-6880

Chassaigne H, Chery CC, Bordin G, Vanhaecke F, Rodriguez

AR (2004) J Anal Atom Spectrom 19:8517-8521

Ballihaut G, Tastet L, Pecheyran C, Bouyssiere B, Donard O,

Grimaud R, Lobinski R (2005) J Anal At Spectrom 20:493-—499

Tastet L, Schaumloffel D, Bouyssiere B, Lobinski R (2006) Anal

Bioanal Chem 385:948-953

Tasted C, Schaumloeffel D, Lobisnski R (2008) J Anal Atom

Spectrom 23(2008):309-317

Ruiz Encinar J, Ruzik R, Buchmann W, Tortajada J, Lobinski R,

Szpunar J (2003) Analyst 128:220-224

Ruiz Encinar J, Ouerdane L, Buchmann W, Tortajada J, Lobinski

R, Szpunar J (2003) Anal Chem 75:3765-3774

Ballihaut G, Pecheyran C, Mounicou S, Preud’Homme H,

Grimaud R, Lobinski R (2007) Trends Anal Chem 26:184—190

Jacob C, Giles GI, Giles NM, Sies H (2003) Angew Chem Int Ed

Engl 42:4742-4758

Ma S, Caprioli RM, Hill KE, Burk RF (2003) J] Am Soc Mass

Spectrom 14:593-600

Ip C, Zhu Z, Thompson HJ, Lisk D, Ganther HE (1999)

Anticancer Res 19:2875-2880

Rooseboom M, Vermeulen NPE, Van Hemert N, Commandeur

JNM (2001) Chem Res Toxicol 14:996-1005

Esaki N, Nakamura T, Tanaka H, Suzuki T, Morino Y, Soda K

(1981) Biochemistry 20:4492-4496

Mihara H, Kurihara T, Watanabe T, Yoshimura T, Esaki N (2000)

J Biol Chem 275:6195-6200

Palacios O, Lobinski R (2007) Talanta 71:1813-1816

Dermovics M, Lobinski R (2008) J Anal Atom Spectrom 23:744-751

Bierla K, Dernovics M, Vacchina V, Spuznar J, Bertin G,

Lobinski R (2008) Anal Bioanal Chem 390:1789-1798

Lipiec E, Siara G, Bierla K, Ouerdane L, Spuznar J (2010) Anal

Bioanal Chem 397:731-741

Ballihaut G, Mounicou S, Lobinski R (2007) Anal Bioanal

Chem 388:585-591

Wang M, Feng WY, Zhao YL, Chai ZF (2010) Mass Spectrom

Rev 29:326-348

Bettmer J (2010) Anal Bioanal Chem 397:3495-3502

Jitaru P, Goenaga-Infante H, Vaslin-Reimann S, Fisicaro P

(2010) Anal Chim Acta 657:100-107

. Xu M, Yang LM, Wang QQ (2008) J Anal Atom Spectrom
23:1545-1549

. Rogers DA, Ray SJ, Hieftje GM (2010) Metallomics 2:271-279

. Rogers DA, Ray SJ, Hieftie GM (2010) Metallomics 2:280-288

@ Springer


http://dx.doi.org/10.1007/s00018-009-0032-4

Parte Experimental. Capitulo IV

Capitulo IV. Desarrollo de metodologias enfocadas a la evaluacion de los efectos
asociados a la presencia de nanoparticulas, y a la optimizacion de estrategias
analiticas para su caracterizacion y cuantificaciéon

El rdpido crecimiento de la nanotecnologia y su presencia en una amplia variedad de
aplicaciones (electrénicas, biomédicas, medio ambientales, cosméticas, etc...) ha conllevado a
la necesidad urgente de evaluar el impacto de estos materiales sobre la salud humana y el

medio ambiente.

Hasta el momento, aunque son muchos los estudios enfocados a evaluar los efectos
bioldgicos y tdxicos de las NPs en células y organismos vivos, en la mayoria de los casos los

mecanismos implicados siguen sin estar elucidados.

En el primer trabajo presentado en este capitulo (“Bioanalytical strategies to evaluate the
toxicity of metallic nanoparticles”. Trends in Analytical Chemistry, 43 (2013) 254) se presenta
una discusion de las estrategias (bio)analiticas mas utilizadas a la hora de llevar a cabo ensayos
de citotoxicidad. Basandonos en los diferentes estudios aparecidos en la bibliografia, se ofrece
una vision general de los diferentes métodos destinadoss a evaluar tanto la asimilacién de las
NPs por parte de las células, como su localizacion en los diferentes compartimentos celulares,
ademas de los ensayos in vitro mas determinantes a la hora de identificar las dianas

involucradas en la interaccién entre las NPs y las células.

El siguiente trabajo (“Selenium nanoparticles inhibit in-vitro invasiveness and induce elF3-
mediated cell cycle arrest”. ACS Nano (Enviado)) se ha centrado en el estudio de las NPs de Se.
Se conoce que algunos compuestos organicos de Se muestran un caracter quimiopreventivo
frente a distintos tipos de cancer como: préstata, pulmén, colon e higado. La dosis de este
elemento y su forma quimica son dos variables fundamentales a la hora de determinar sus
propiedades anticancerigenas. En este sentido, y debido a las excelentes propiedades
bioldgicas que presenta el Se en forma de NPs, se decidid evaluar los efectos bioldgicos de las
NPs de Se en la linea celular de hepatocarcinoma humano HepG2. Entre los diferentes
parametros evaluados tras la exposicion celular a las NPs de Se se encuentran: la medida de la
viabilidad celular, localizacion de las NPs en el interior de las células, distribucion de las
distintas fases del ciclo celular y el comportamiento invasivo de las células. Para llevar a cabo
cada uno de los ensayos mencionados, se recurrié a diversas técnicas analiticas y bio-
analiticas como ICP-MS, TEM, microscopia de inmunofluorescencia, citometria de flujo, etc...
En este trabajo se aplicdé por primera vez la estrategia de marcaje metabdlico SILAC

combinada con la espectrometria de masas con el fin de identificar las proteinas y mecanismos

234



Parte Experimental. Capitulo IV

relacionados con los efectos producidos por las NPs de Se en las células HepG2. El empleo de
técnicas analiticas, de andlisis celular y de la protedmica cuantitativa, permitié por un lado
ampliar nuestro conocimientos sobre el efecto de las NPs de Se, y por otro lado validar los
resultados obtenidos. Una compilacién de los todos los estudios desarrollados en este trabajo
sugirié que las NPs de Se pueden considerarse como agentes quimiopreventivos en las terapias

contra el cancer.

La obtencién de una correcta informacion sobre el tamafio, forma, drea superficial, carga y
reactividad de las NPs es clave para entender el comportamiento de éstas en el organismo y
medio ambiente. Con este fin, muchos grupos de investigacion estan trabajando en el
desarrollo de metodologias que permitan la caracterizacion de las NPs y proporcionen
informacidn cuantitativa. El Gltimo trabajo presentado en esta memoria (“Prospects and
Difficulties in TiO, Nanoparticles Analysis in Cosmetic and Food Products Using Asymmetrical
Flow Field-Flow Fractionation Hyphenated to an Inductively Coupled Plasma Mass
Spectrometry”. Analytical Chemistry (Enviado)) esta relacionado con este aspecto. El
desarrollo de una metodologia analitica basada en AF*-ICP-MS nos permitié caracterizar y
cuantificar la presencia de NPs de TiO, en productos cosméticos (crema hidratante y
maquillaje). Durante el desarrollo de esta metodologia se optimizaron diferentes variables
instrumentales y experimentales como: el flujo de separacion “cross flow”, tiempo de
inyeccion/focalizacion, composicion de la disolucidn “carrier”, y la metodologia de ultrasonidos
utilizada para la dispersién de las NPs. La adicidn de SDS (0.2%), y metanol (6%) a la disolucion
“carrier” fue determinante a la hora de evitar interacciones no especificas entre las NPs y la
membrana, ademas de otros problemas derivados de la baja recuperacidon de las NPs. La
distribucidn de tamafios obtenida tras la calibracién con patrones de tamafio conocido y la
mostrada en las imdgenes de microscopia electrénica ponen de manifiesto la incompatibilidad
entre las NPs de TiO, y los métodos de calibracidn convencionales, siendo necesario la
validacién los resultados empleando otras técnicas analiticas como TEM. Este trabajo se ha
centrado en la optimizacién de un método de calibracién on-line AF*-ICP-MS para la
cuantificacion de las NPs de TiO,. La energia de ultrasonidos focalizada, en comparacién a los
bafios de ultrasonidos convencionales, resulté ser mucho mas adecuada para conseguir una
respuesta lineal entre la cantidad de NPs inyectadas y las sefales registradas en ICP-MS
(integradas como area de pico). Los resultados obtenidos tras la aplicacion del método de
calibracion propuesto se validaron mediante diferentes metodologias (determinacién del
contenido de Ti total en las muestras mineralizadas por ICP-MS, y concentracién de NPs de

TiO, extraidas en medio acuoso por FIA-ICP-MS).
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IV.1. Estrategias Bioanaliticas para Evaluar la Toxicidad de las Nanoparticulas
Metalicas

“Bioanalytical strategies to evaluate the toxicity of metallic nanoparticles”

Trends in Analytical Chemistry, 43 (2013) 254
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Bioanalytical strategies for in-vitro
and in-vivo evaluation

of the toxicity induced by metallic
nanoparticles

Jose L. Luque-Garcia, Raquel Sanchez-Diaz, Isabel Lopez-Heras,
Pilar Martin, Carmen Camara

The increasing use of metallic nanoparticles (MNPs) in a wide variety of applications has led to an urgent need to evaluate the
impact of these new materials on human health and the environment. To date, the potential toxicity of MNPs and their interaction
mechanisms with cells and living organisms have not been fully addressed.

In this article, we discuss the different bioanalytical strategies that have been used for this purpose. We consider different
methods aiming to evaluate cellular uptake and localization in cells and tissues, and in-vitro methods for the study of the toxicity
induced by MNPs, considering different toxicity markers and high-throughput approaches for the identification of specific targets
involved in the cell-MNP interaction. We also discuss special strategies related to the use of animal models to assess in-vivo
toxicity of MNPs.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Nanoparticles (NPs) have received great
attention for their use and applicability in
many new consumer products. A recent
estimate suggests that more than 1000
NP-containing consumer products are
currently on the market. In addition, their
ability to advance science with novel
analytical and medical tools also makes
them relevant to physical and life sciences
[1].

NPs are generally defined as particles
with at least one dimension of 1-100 nm.
This smaller size gives them unique prop-
erties, especially because their specific
surface area is larger and their reactivity is
increased or different compared to bulk
materials. These specific features are often
linked with a potential toxicity [2]. Among
the different kinds of NPs, metallic NPs
(MNPs) are particularly used in many
applications. The products and the appli-
cations of MNPs include -electronics,

optics, textiles, medical applications, cos-
metics, food packaging, water-treatment
technology, fuel cells, catalysts, biosensors
and agents for environmental remediation
[3,4]. As a result of these applications,
exposure of MNPs to the environment and
humans is becoming increasingly wide-
spread. Consequently, different metals in
the form of MNPs have gained increasing
access to tissues, cells and biological mol-
ecules within the human body [5]. Human
exposure to MNPs is most likely to occur
during manufacturing processes, but
inhalation of MNPs released to the atmo-
sphere, ingestion of water or food con-
taining MNPs and dermal exposure from
various sources (e.g., body lotions and
sunscreens) are possible [6].

To date, the impact of exposure to MNPs
on human health and the environment
has not been fully assessed [7]. Research
efforts to assess the toxic potential of MNPs
have presented some serious, far-reaching
challenges and there remains an urgent

0165-9936/% - see front matter © 2012 Elsevier Ltd. All rights reserved. doi:http://dx.doi.org/10.1016/j.trac.2012.11.004
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need for well-designed studies that will generate data so
that the risk of MNPs can be assessed [8].

Chemical composition, shape, size, stability, surface
coating, functionalization and purity of MNPs are essen-
tial aspects for not only applications but also potential
toxicity [9]. Particle chemistry is especially relevant;
depending on their chemistry, NPs can show different
cellular uptake and ability to catalyze the production of
reactive oxygen species, which is directly related to tox-
icity [10]. Many studies have also suggested the impor-
tance of shape and crystallographic phase when
evaluating the toxicity induced by MNPs [3,11]. Uptake
and cellular distribution of NPs are greatly influenced by
their size. It has been demonstrated that cellular inter-
nalization is more pronounced for smaller NPs as com-
pared to equivalent larger NPs at the same dose [12]. In
addition, smaller MNPs show greater reactivity because of
their larger surface area [2]. Aggregation of MNPs mainly
depends on surface charge, material type and size. The
formation of MNP aggregates affects the degree of cell
internalization and thus modifies the potential toxic effect
[13]. It is also crucial to consider surface modification of
NPs by proteins or ions present in the culture media or
when using metals, organic molecules or polymers as
surface coatings [12—14]. These modifications can dra-
matically change the physicochemical properties of
MNPs, including their magnetic, electric, and optical
properties and their chemical reactivity [15].

In order to correlate any toxic reaction with MNP
type, it is indispensable to investigate if the NPs are at-
tached to the cell surface or if they enter cells. If NPs are
found in cells, their localization in different compart-
ments (e.g., endosomes, lysosomes, mitochondria,
nucleus or citosol) may also provide some answers
regarding their potential toxicity [16]. It is also very
important for understanding the complex processes that
govern cellular uptake and intracellular fate of MNPs
[17]. Finally, in-vivo studies are also needed to design
specific, safe clinical trials to develop new strategies for
applications of MNPs and also to evaluate their risk to
the environment [18].

In this review, we present different analytical and
bioanalytical strategies to study the interaction of MNPs
with cells and living organisms in order to assess their
potential toxicity. We start by discussing different op-
tions to evaluate cellular uptake and localization of
MNPs by using atomic techniques and imaging ap-
proaches. We also review in-vitro assays to study the
interaction of cells with MNPs considering those that
aim to evaluate specific cellular pathways or cellular
responses to MNP exposure and those based on high-
throughput discovery platforms focused on identifying
particular targets (genes and/or proteins) involved in the
cell-MNP interaction. Finally, we review considerations
about in-vivo assays depending on the different animal
models that have been used to date.
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2. Cellular uptake and localization of MNPs

When studying the interaction of MNPs with living
organisms and cells, one of the key aspects is the eval-
uation of the cellular uptake and the localization of the
MNPs within the cells and tissues. The quantification of
MNPs and ions released from them is mainly carried out
by sensitive analytical techniques [e.g., inductively
coupled plasma-mass spectrometry (ICP-MS)] while
localization, which requires spatial resolution analysis, is
generally performed by different microscopic techniques.

2.1. Quantification of NPs and ions released from NPs
using spectrometric techniques

ICP sources are regarded as excellent tools for elemental
analysis. Many authors have used techniques based on
ICP in order to provide a quantitative analysis of the
uptake of MNPs in different organisms [19]. ICP-MS
provides high sensitivity and robustness for quantifying
metal composition in a large variety of samples. Christen
and Fent used an ICP-MS equipped with an octopole
reaction system to minimize possible interferences, and
confirmed that the cytotoxicity induced by Ag-doped
SiO, NPs was caused by Ag ions released from the NPs
[7].

Other detectors have also been coupled to an ICP
source for this purpose. The use of ICP with optical
emission spectroscopy detection (ICP-OES) has been
employed to perform cadmium analysis as an indication
of the concentration of CdSe/ZnS quantum-dot (QD) NPs
in plasma and organs of Daphnia magna after 48 h of
exposure [20]. The impact of three metal-oxide NPs
(nonporous SiO,, mesoporous SiO, and anatase TiO,
NPs) on the immune response of mast cells was evalu-
ated using ICP-OES, showing that the cell-NP interaction
depended on the chemically-modified surface of the NPs
[21].

However, the direct analysis of MNPs using ICP as
ionization source presents some drawbacks due to the
limited availability of commercial standards for MNPs
and the low nebulization efficiency. This technique is
able to ionize and to atomize spherical NPs of 5-25 nm
in aqueous and organic solutions [22]. However, MNP
aggregates might not be effectively ionized in the plasma,
and that can result in lower recoveries. In these cases of
low ionization efficiency, electro-thermal vaporization
(ETV) should be considered as an alternative sample-
introduction system because it allows pre-digestion of
the MNPs [23,24].

Another problem that has to be considered is the po-
tential adsorption of the MNPs on the sample-introduc-
tion system, which can complicate the quantification of
MNPs in real samples [25]. Thus, it is important to carry
out a previous digestion, using a combination of acids
and high temperature [26], to determine the total metal
concentration of the tested element. In this way, the
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concentration of Cd and Se were determined in Arabid-
opsis thaliana plants exposed to CdSe/ZnS QDs. Leaves
and roots were thoroughly rinsed with Milli-Q water to
remove material that was not adsorbed or integrated by
the plant. The tissues were digested in concentrated ni-
tric acid and 30% hydrogen peroxide (4:1) for 2 h using
a hot plate [27]. Conventional digestion procedures can
be very time consuming so the use of microwaves can
minimize the time required for sample treatment. In
addition, a closed microwave-digestion vessel might
lower the risk of analyte losses compared to open
digestion. The accumulation of TiO, NPs was observed
in lung tissue of Wistar rats after analysis of the levels of
Ti by digesting the sample with nitric acid and hydrogen
peroxide prior to double-focusing (DF)-ICP-MS detection
[28]. Differences between the bioaccumulation of Ag NPs
and Ag microparticles in rat brain microvessel vascular
endothelial cells (BMVECs) were evaluated by acid
digestion with nitric acid prior to the analysis with ICP-
MS. This study demonstrated that Ag NPs accumulate in
cells more easily than microparticles [29].

Analytical methods based on acid digestion offer the
possibility to reduce the matrix effects due to eliminating
biological components present in the sample or stabiliz-
ing agents employed to avoid NP aggregation. However,
this procedure makes it impossible to distinguish be-
tween metal species (MNPs taken up by the organism
and other metal species). An alternative to digestion of
solid samples is the use of ultrasound. The use of ultra-
sound-assisted extraction is a very promising method-
ology for metal species and MNPs. In addition, ultrasonic
energy breaks up MNP aggregates [30]. However, as in
digestion procedures, the chemical form of MNPs might
alter due to the use of basic or acid solutions in the
extractant. Using this approach, total Ti concentration
was determined in fibroblasts exposed to TiO, NPs after
sonication of trypsinized cells in an ultrasonic bath for
30 min [11].

Other techniques include furnace atomic absorption
spectrometry (FAAS), used to determine the total Ag
content in harvested THP-1 cells prior to acid digestion
in 69% HNOs [31], or graphite furnace AAS (GF-AAS)
[13], which are alternatives to ICP-based techniques.

Despite the numerous advantages offered by ICP-MS
and other atomic techniques, it is important to empha-
size that this technique by itself is unable to differentiate
between metal species (e.g., MNPs or ions). Such differ-
entiation requires previous treatments (e.g., filtration,
centrifugation and sedimentation) that allow isolation of
MNPs from solutions, or otherwise, the use of a separa-
tion technique coupled to the ICP-MS. Separation tech-
niques [e.g., liquid chromatography (LC) or field-flow
fractionation (FFF)] coupled to ICP-MS are among the
most promising approaches. In this way, size-exclusion
chromatography (SEC) columns and hydrodynamic
chromatography (HDC) have been described in the
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literature as alternatives to separate MNPs of 10-80 nm
[32,33].

Currently, FFF is a promising method for size separa-
tion of natural and engineered NPs, providing a wide
dynamic range. Although an ultraviolet (UV) detector is
the most common system used in combination with FFF,
elemental information can be obtained by combining
FFF with ICP-MS. One of the main advantages of FFF-
ICP-MS is not only the possibility for multiple elemental
detection, but also the higher sensitivity achieved (in the
ng/L range) compared to UV detection. To provide
complementary information, the FFF can also be coupled
to a multi-angle light scattering (MAL) for particle-size
characterization. The two FFF principles mainly used are
sedimentation FFF (SedFFF) and the asymmetric flow
FFF (AF4). SedFFF-ICP-OES has been employed to study
size-based elemental distribution of air particles and
MNPs (e.g., Al, Ti and Fe) [34].

In recent investigations about the toxicity of TiO,
present in sunscreen products and the influence of
polymer-coated CdSe/ZnS QDs to Daphnia magna, on-line
FFF-ICP-MS was applied to characterize the particle size
and the composition of MNPs [20,35]. In spite of the
promising results obtained so far, there are still some
aspects that require further investigation (e.g., problems
related to membrane-particle interaction, the different
behavior of MNPs according to their chemical structure,
and the influence of eluents during the separation step,
which can lead to erroneous size information and neg-
atively affect recovery rates).

2.2. Determining the stability of MNPs

The aggregation state of MNPs is a crucial factor for
experimentally assessing their toxic activity. In in-vitro
studies, the influence of biological components present in
the culture media on MNPs has been evaluated on many
occasions (e.g., serum proteins, antibiotics, vitamins,
and electrolytes may interact with MNPs to change their
physicochemical properties and aggregation state. While
serum proteins may absorb onto the surfaces of MNPs,
changing their size and surface chemistry, the presence
of electrolytes and the high ionic strength of the culture
media may alter their aggregation state).

Due to the dimensions of MNPs, detection and char-
acterization of MNPs is generally performed by micro-
scopic techniques. Scanning electron microscopy (SEM),
transmission EM (TEM) and atomic force microscopy
(AFM) are the most commonly used techniques to
visualize MNPs and their features, including aggregation
state, dispersion, sorption and particle size.

Before evaluating the toxicity of Ag NPs in different
cell lines, Mukherjee et al. used TEM and SEM to deter-
mine the stability of Ag NPs and their possible interac-
tion with the culture media [5]. The aggregation state of
Ag NPs was also studied by Oukarroum et al., whose
TEM images showed an increase in the diameter of the
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NPs in all the culture media tested for growing two types
of green algae [36]. Although TEM images provide useful
information about the morphology and the aggregation
state of MNPs, these images might not completely rep-
resent the morphology of the MNPs under the real
experimental conditions because TEM images are
acquired on dried samples.

As an alternative, dynamic light scattering (DLS) can
be combined with TEM, thus allowing the analysis of the
MNPs in solution. The characterization of stable mono-
disperse and aggregated Si NPs by TEM and DLS was
carried out to study the effect of these MNPs on macro-
phages and fibroblasts. The DLS results demonstrated
that the mean hydrodynamic diameter of particles in-
creased from 25 nm to 183 nm [2]. The analysis of Au
NPs, synthesized in citrate media as reducing agent, by
DLS revealed that the surfaces of the NPs were covered
by citrate. As mentioned above, proteins and other bio-
logical molecules may bind to the surface of the MNPs.
The absorption spectra of Au NPs in solution showed
that not only were the Au NPs covered by citrate, but
also proteins or lipids were adsorbed onto their surface
[37].

2.3. Localization of MNPs into cells and living
organisms using microscopic techniques

TEM is also considered an appropriate technique to dis-
criminate between MNPs localized inside cells and tissues
from those that are only externally attached. Obtaining
reliable information about the intracellular localization
of MNPs is important to establish NP-cell interactions. It
is known that smaller NPs can enter more easily into
cells than larger ones [38], which might explain the
higher toxicity of smaller MNPs.

When it comes to design a protocol for TEM, it is
very important to select the most suitable fixing agent.
The most common fixings are aldehydes (glutaralde-
hyde and formaldehyde) and osmium tetroxide. Alde-
hydes react with amines and amino acids (lysine and
arginine), generating cross-linked proteins, which pre-
serve cellular structure. However, these fixing agents
do not react with most lipids of the cellular membrane,
leading to problems during fixing and processing. For
this reason, osmium tetroxide is generally used as a
secondary fixing, since it is able to react with unsat-
urated lipids and some proteins, thus stabilizing the
membrane structures and also adding electron density
to enhance the contrast.

Another important aspect is the choice of buffer, in
which the fixing will be dissolved. It should maintain
the cell in its physiological state, when possible. The
most frequently used buffer is phosphate buffer saline
(PBS). Buffers containing amine groups (e.g. Tris)
should not be used because these groups might react
with the fixing molecule. Typically, samples prepared
for TEM analysis have to be dehydrated and embedded
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in resin (overnight with temperature) to allow ultra-
thin sections to be cut. Allouni et al. developed a
protocol in which cells were fixed in 1.5% glutaralde-
hyde and 0.1 M Na-cacodylate buffer (pH 7.4), and
post-fixed in 1% osmium tetraoxide. TEM images re-
vealed that not only were TiO, NPs attached to the
surface of the cells, but also they were in vesicles and
distributed in the cytoplasm [11].

A mixture of glutaraldehyde and formaldehyde is also
very commonly used as fixing agent. A fixing solution
containing 3% paraformaldehyde and 0.5% glutaralde-
hyde was employed to visualize both the localization of
SiO, NPs and Ag-doped SiO, NPs in fibroblast-like fat-
head minnow cells [17], and Au NPs in human lung
carcinoma cells A549 [37].

In some cases, the resulting blocks embedded in resin
are incubated in uranyl-acetate (1%-6%) to obtain a
higher electron density and image contrast, which is
especially useful for smaller particulate specimens.
However, this stain is not recommended in the treatment
of specimens that are unstable in acid conditions, due to
the low pH of the solution [7,11].

Ultrahigh-resolution imaging (URI) is a promising
technique for studying cell-NP interactions, as it allows
direct visualization of both cells and MNPs without the
need of an elaborate sample preparation and without the
use of fluorescent tags. In URI, the illuminator is con-
nected to the light source by a liquid light guide, which
allows transport of light without loss of intensity, and
minimizes the thermal impact on living systems. In a
recent study, the cellular uptake of TiO, NPs by fibro-
blasts was investigated by combining SEM and TEM with
URIL. For URI analysis, cells were washed, fixed in 4%
formaldehyde for 15 min at room temperature and, fi-
nally, a drop of mounting media was added to the slides
and encased with a cover-slip. URI images showed that
TiO, NPs appeared to be both taken up by and attached
to the cells, mainly as agglomerates. The discrimination
between MNPs attached to the cell from those internal-
ized was performed by changing the focus plane in the
URI microscope. As shown in Fig. 1, the agglomerates
could be easily distinguished from other cellular com-
ponents due to their brightness [11].

Dark-field microscopy (DFM) is able to provide a
panoramic view of non-fluorescent NPs in cells since NPs
appear as a bright image superimposed on a dark
background. Because DF illumination has a very low
background, low signals are sufficient to detect individ-
ual non-fluorescent NPs. Although there are limited
studies on accumulation of non-fluorescent NPs at the
single-cell level using DFM, this technique has been used
in studies focused on Au NPs. As in URI, sample prep-
aration is very straightforward when using DF imaging.
The accumulation of Au NPs in cells has been observed
in a time-course experiment. Cells were seeded on cov-
erslips in 24-well plate, fixed in 4% paraformaldehyde for
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sion of Elsevier).

Figure 1. URI images of L929 fibroblasts at 100x magnification after 24-h exposure to 0.5 mg/L of TiO, NPs. Bright spots are NPs internalized or
attached to the membrane. (A) Control cells. (B) Rutile, 40 nm. (C) Rutile and anatase mixture, <100 nm. (D) Anatase, 10 nm. White arrows (C)
show agglomerates that appear to be attached to the cell membrane; red arrows point at agglomerates inside the cells (Reproduced with permis-

10 min after MNP exposure [26], and Au NPs embedded
inside the cell were identified in their aggregated states
[17].

Another option for visualizing MNPs is based on
functionalization with fluorescent markers, which allows
use of fluorescence microscopy. However, it is important
to keep in mind that the attachment of a fluorochrome
may alter the physicochemical properties of MNPs.
MNPs can be easily functionalized by using specific
fluorochromes, which have their own absorption and
emission spectra [e.g., fluorescein isothiocyanate (FITC),
ALEXA 488, BODIPY-FL, propidium iodide (PI), Mito-
Tracker Red and rhodamine are among the fluoro-
chromes commonly used in many bioapplications]. FITC

258 http://www _elsevier.com/locate/trac

presents maxima absorption in the blue-light range of
the visible light spectrum (approximately at 488 nm).
When FITC is irradiated at 488 nm, it fluoresces at
520 nm, emitting a greenish-yellow glow. Other fluoro-
chromes (e.g., propidium iodide, ALEXA 488 and BOD-
IPY-FL) have excitation and emission profiles similar to
FITC. By contrast, rhodamine 123 and Mito-Tracker Red
fluorochrome are excited by light in the green range and
emit at red wavelengths.

Kurepa and co-workers synthesized Alizarin red S
(ARS)-TiO, NP conjugates to study the uptake and the
distribution of NPs in plants. The covalent surface
modification of the MNPs was performed following a
straightforward protocol in which the MNPs were mixed
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with an ARS solution. The high surface reactivity of
synthesized TiO, NPs (smaller than 20 nm) was very
adequate in the formation of ARS-NP conjugates [38].

3. In-vitro cytotoxicity assays

Cytotoxicity assays are based on the idea that toxic
agents affect basic functions of cells, and thus their
toxicity can be evaluated by measuring cellular damage.
It is known that the toxic effects of MNPs on a cell cul-
ture may differ, depending on the incubation time and
the concentration of MNPs used. Many cytotoxic effects
are due to the number of MNPs internalized in the cells
rather than the total concentration of MNPs added to the
cell-culture media. Generally, the amount of MNPs taken
up by cells differs by several orders of magnitude from
the amount of MNPs used in the cellular treatment [39].
The uptake efficiency depends on not only MNP con-
centration but also other properties of MNPs (e.g., size
and shape). Exposure times and concentrations greatly
vary from one study to another. Concentrations of the
order of pg/L or a few mg/L are commonly used, while
exposure times of 24-96 h are usually selected [6,9,40],
although internalization of MNPs has been observed at
shorter exposure times under certain conditions [15,41].

When performing a cytotoxicity assay, cell types are
generally chosen by considering the organ in which the
studied MNPs are accumulated in organisms. In this
way, hepatic cells [42,43] and macrophages [2] are most
commonly used, since MNPs tend to accumulate in liver
and spleen. Other cell types (e.g., fibroblasts, which are
the major cellular constituent of fibrous connective tis-
sue) have also been used (e.g., to assess the effects of
TiO, NPs released from implant materials) [11].

It is important to keep in mind that the toxic effects
induced by MNPs may depend on the cell line tested and
these effects may not necessarily be the same when
exposing other cell lines to the same MNPs [5,44]. In this
way, Patra et al. found that citrate-capped Au NPs in-
duced toxicity in human carcinoma lung cells greater
than in liver carcinoma cells at the same dosage [45].
The effects could even be the opposite, as shown by Chen
et al., who found that SeNPs inhibit cellular growth in
hepatocarcinoma cells but increase cell proliferation
when using human fibroblasts [44].

Below, we describe several common assays that have
been applied when evaluating the effect of MNPs in dif-
ferent cell lines, most of them involving the use of vital
dyes, protease markers, and colorimetric, fluorescence,
or luminescence detection.

3.1. Assessment of membrane integrity

The cell membrane is a thin, semi-permeable membrane
that surrounds the cytoplasm of a cell and constitutes a
functional barrier. Its function is to protect the integrity
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of the cell by controlling the traffic into and out of the
cell, which is regulated by transporters, receptors and
secretion pathways. Since cytotoxic compounds often
compromise the cell membrane, assessing cell-mem-
brane integrity is one of the most common ways to
measure cell viability and cytotoxic effects. For this
purpose, the so-called vital dyes (e.g., trypan blue and
propidium iodide) are generally used, These compounds
can freely cross the cell membrane when it has been
compromised and stain intracellular components, but
are excluded from the inside healthy cells [46]. Alter-
natively, membrane integrity can be evaluated by
monitoring the presence in the culture media of sub-
stances that are normally sequestered inside healthy
cells [5]. One commonly measured is lactate dehydro-
genase (LDH) [47]. LDH leakage from damaged cells can
be measured with a coupled enzymatic assay resulting in
the conversion of a tetrazolium salt into a red formazan
product. The intensity of the color produced is propor-
tional to the number of cells with compromised plasma
membranes [37]. There are several commercially avail-
able kits to carry out this assay, which does not involve
any kind of sample preparation, since the substrate
mixture is directly added to the culture media and the
resulting reaction product (red formazan) is measured
spectrophotometrically. Using this assay, Hussain et al.
showed that LDH leakage for MoOs, Al, Fe;04, MnO,,
and W NPs did not produce cytotoxicity up to a con-
centration of 100 pg/mL in rat-liver cells, while Ag NPs
were highly toxic at those concentrations in the same
cells [10]. In the same manner, Gerloff et al. showed that
only anatase-rutile-containing NPs, in contrast to the
pure, fine TiO,, induced cytotoxicity in human intestinal
cells [3].

3.2. Measurement of cellular metabolic activity

An early indication of cellular damage is a reduction
in metabolic activity. Thus, assays able to measure
metabolic functions (e.g., ATP levels or mitochondrial
activity) have been widely used to evaluate the toxicity
of MNPs. One of the most widely-used methods is the
3-(4, 5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-
lium bromide (MTT) assay [14,48], which measures
the reducing potential of a cell. It is based on the
capacity of healthy cells to reduce MTT to formazan by
mitochondrial reductases. Formazan is a colored com-
pound, whose absorbance can be measured spectro-
photometrically at a wavelength of 500-600 nm. In
this approach, cells are incubated with MTT (2-
10 mg/L) for 4-5 h and then the formazan crystals are
commonly dissolved in dimethyl sulfoxide (DMSO) (or
other organic solvent) prior to colorimetric detection.
It is important to consider the signal provided by the
phenol red usually present in culture media. Thus, it is
recommended to either use red-phenol-free media or to
remove the media before dissolving the formazan
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Figure 2. Cytotoxicity of NPs. Huh7 (left) and FHM (right) cells were treated for 24 h with different concentrations of SiO, NPs (blue dots); SiO,
1% Ag NPs (green squares), SiO,-5% Ag NPs (black triangle); and SiO,-20% Ag NPs (red triangle) followed by assessing cell viability by MTT
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crystals. The cytotoxicity of several MNPs has been
evaluated by comparing the absorbance of formazan in
control versus cells exposed to MNPs. Christen and
Fent showed that human hepatic cells (Huh7) reacted
more sensitively to SiO, NPs than fibroblast-like fish
cells (FHM). Exposure of the two cell lines with
Si0,-Ag NPs, containing 1%, 5% and 20% of Ag
demonstrated again that Huh7 cells were more sensi-
tive than FHM cells (Fig. 2) [7]. Yuan et al. used the
MTT assay to show how the viability of lung fibroblast
exposed to ZnO decreased in a dose-dependent manner
independently of the particle size [49]. Other close dyes
[e.g., 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS), 2,3-bis-
(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-car-
boxanilide (XTT) and water soluble tetrazolium salts
(WSTs)] have also been used for the same purpose
[3,6].

3.3. Evaluation of the oxidative stress

Oxidative stress is an imbalance of pro-oxidants and
antioxidants. It is associated with increased production
of oxidizing species or a significant decrease in the
effectiveness of antioxidant defenses. One common way
to analyze oxidative stress in cells is by measuring
glutathione (GSH) levels. GSH is the major intracellular
low-molecular-weight thiol that plays a critical role in
cellular defense against oxidative stress. There are many
commercially-available GSH-detection kits, mainly based
on colorimetric and fluorimetric detection. One key step
in this approach is the thorough wash of the cells with
PBS to remove the excess of dye prior detection. GSH
measurement is widely used in toxicological studies [50]
and it has also been used to evaluate the toxicity of
different MNPs. For example, GSH depletion has been
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observed in cells exposed to Ag NPs, although the degree
of depletion greatly depended on the cell line tested [5].

When cells are exposed to environmental stress they
can generate reactive oxygen species (ROS), both radical
ROS (nitric acid and hydroxide radicals) and non-radical
ROS (hydrogen peroxide). When the increase of ROS is
too high and it overwhelms the antioxidant defense, cells
are prone to suffer cell damage and even apoptosis.
Several studies have linked the increase of the ROS level
in cells with exposure to MNPs, so allowing use of the
ROS level as a cytotoxicity marker. The most widely used
method to measure the intracellular production of ROS is
the dichlorodihydrofluorescein diacetate (DCFH-DA) as-
say [8]. DCFH-DA penetrates the cells, where it is
hydrolyzed by unspecific esterases and converted into a
stable green fluorescent product, 2’,7’-dichlorofluores-
cein (DCF), in the presence of oxidative species [53].
DCFH-DA is prepared in phenol red-free media and used
at a final concentration of 10 uM. Cells are incubated
with this reagent for 15-30 min and then washed twice
with PBS prior to fluorimetric detection. It is important
to carry out this assay in the dark to avoid the fluoro-
phore fading. Using this approach, Konczol et al. dem-
onstrated that the ROS production observed in alveolar
epithelial cells increased after 24 h of incubation with
Fe;04 NPs in a concentration-dependent manner. This
study also showed that the particle size did not affect the
cytotoxicity of these MNPs [51].

Reaction of generated ROS with other fluorescent
probes [e.g., dihydroethidium (DHE)] has also been used
[52]. In addition, when ROS production increases, other
intracellular events (e.g., lipid peroxidation) are initiated,
so, by measuring these events, it is possible to evaluate
the oxidative damage of cells exposed to MNPs. Mal-
ondialdehyde (MDA) formed from the breakdown of
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polyunsaturated fatty acids, can be used as a convenient
index for determining the extent of lipid peroxidation
reactions. MDA formation can be measured by Western
Blot [53], enzyme-linked immunosorbent assay (ELISA)
or the traditional thiobarbituric acid reactive substances
(TBARS) assay based on the reaction of MDA with
thiobarbituric acid reactive substances to yield a fluo-
rescent product [41]. After cell lysis, the cell extract is
mixed with the reaction solution and incubated at 90°C
for 1 h. The product formed is extracted with an organic
solvent (e.g., butanol) and the fluorescence is measured
in the organic phase. Addition of cadmium chloride to
control cells can be used as positive control since it in-
duces lipid peroxidation [52]. Passagne et al. used this
assay to show how SiO, NPs affected the production of
MDA, depending on the cell line tested and the particle
size. While smaller NPs (20 nm) induced the formation
of MDA in porcine tubular cells more than bigger NPs
(100 nm), the effect of both NPs was not significantly
different when using human kidney cells [52].

3.4. Measuring apoptosis induced by MNPs

As commented upon above, exposure of cells to MNPs
can increase ROS production and lipid peroxidation,
which ultimately can cause apoptosis. There are several
strategies to evaluate the degree of apoptosis based on
the measurement of different parameters. There are
several protein markers of apoptosis, including Bax,
Bcl2, p53 and caspases, which can be easily monitored
using Western Blot with the appropriate antibodies
[8,55], colorimetric assays [56] or real-time polymerase
chain reaction (PCR) [38,58]. Apoptosis can also be
visualized by studying nuclear morphology, particularly
chromosome condensation, assessed using nuclear-
specific dyes [e.g., 4-6-diamidino-2-phenylindole (DAPI)
and Hoechst] and fluorescence microscopy [54,55].

However, the technique generally chosen to evaluate
apoptosis is flow cytometry. The most important factor
that has to be considered when preparing samples for
flow cytometry is the density of the cell suspension,
which should be kept between 10°-107 cells/mL to
prevent clogging the narrow bores of the cytometer and
its tubing.

Two common methods to evaluate apoptosis by flow
cytometry are the measurement of the mitochondrial
membrane potential and the annexin-V assay. Since
mitochondria act as a point of integration for apoptotic
signals originating from both extrinsic and intrinsic
apoptotic pathways [57], loss of mitochondrial mem-
brane potential can be associated with the activation of
caspases and the initiation of apoptotic cascades [58]. To
measure the percentage of cells with depolarized mito-
chondria, resuspended cells are incubated at 37°C for
10-15 min with a solution of 10 ug/mL JC-1 (5,5’,6,6'-
tetrachloro-1,1',3,3'-tetraethylbenzimidazolcabocyanine
iodide). After incubation, cells are immediately centri-
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fuged to remove the supernatant and the cell pellet is
resuspended in PBS and then analyzed by flow cytome-
try. The membrane-permeant JC-1 dye exhibits poten-
tial-dependent accumulation in mitochondria, indicated
by a fluorescence emission shift from green (~529 nm)
to red (~590 nm). Consequently, mitochondrial depo-
larization is indicated by a decrease in the red/green
fluorescence-intensity ratio. The potential-sensitive color
shift is due to concentration-dependent formation of red
fluorescent J-aggregates [54]. Using this method, Chen
et al. demonstrated that Se NPs induced apoptosis in
melanoma cells through mitochondrial-mediated path-
ways. In this study, the percentage of cells with depo-
larized mitochondria increased from 5.6% (control) to
9.3% when exposing the cells to 20 uM Se NPs, and up
to 30.0% when using 40 pM Se NPs [56].

In apoptotic cells, phosphatidyl serine (PS) is translo-
cated from the inner to the outer leaflet of the plasma
membrane, so PS becomes exposed to the external cel-
lular environment. Annexin-V labeled with a fluoro-
phore (e.g., FITC) can selectively identify apoptotic cells
by binding to the exposed PS on the outer leaflet of the
membrane. The number of labeled cells can then be
quantified by flow cytometry. Annexin-V-FITC is usually
used together with PI to differentiate between apoptotic
and dead cells. Cells are resuspended (10° cells/mL) in
binding buffer (10 mM HEPES/NaOH, pH 7.5 containing
140 mM NaCl and 2.5 mM CaCl,) and then incubated in
the dark with annexin-V-FITC and PI for 10 min at room
temperature [54]. Generally, fluorescence emitted by
annexin-V-FITC and DNA-bound PI in each event is
detected as green and red fluorescence, respectively.

Other fluorophores can also be conjugated to annexin-
V [44]. This assay is generally used to confirm that the
cell death observed after exposure to certain MNPs is
generally caused by apoptosis [44,59]. It is important to
mention that certain fluorochromes may be adsorbed on
the surface of MNPs, which may cause fluorescence of
the NPs, and quenching or enhancement of the fluor-
escence of fluorochromes, thus altering the results of the
flow-cytometry assay. In addition, cellular internaliza-
tion or deposition of MNPs may avoid the correct binding
of the fluorochromes to their target molecules. As an
example, the annexin-V assay may give false negatives
as a result of NP deposition on the cellular membrane,
which hinders the annexin-V from binding to PS.

3.5. Genotoxicity assessment

The potential DNA-damaging properties of MNPs have
also been assessed in many cases using the Comet assay
and the formamidopyrimidine glycosylase (Fpg)-modified
Comet assay [3,51,54]. The Comet assay (also known as
single-cell gel electrophoresis) is a rapid, sensitive, simple
method for detecting DNA damage at the level of indi-
vidual cells [60]. It involves encapsulation of single cells
in low melting-point agarose. Then, cells are lysed to
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form nucleoids containing supercoiled loops of DNA.
Electrophoresis at high pH results in DNA structures
resembling comets. It is important to reduce the pH after
electrophoresis to avoid the contribution of alkali-labile
sites, since they strongly decrease the sensitivity of the
Comet assay. The extent of DNA migration depends di-
rectly on the DNA damage present in the cells. It should
be noted that DNA lesions consisting of strand breaks
after treatment with alkali, alone or in combination with
certain enzymes (endonucleases), increase DNA migra-
tion, whereas DNA-DNA and DNA-protein cross-links
retard DNA migration. This is followed by visual analysis
with staining of DNA with ethidium bromide [54,61].
Other dyes (e.g., PI, Hoechst or DAPI) have also been
used. The intensity of the comet tail relative to the head
reflects the number of DNA breaks. Gong et al. used this
assay to evaluate the effect of SiO, NPs of different par-
ticle size in human keratinocytes, showing a significant
increase in the comet-tail length of cells exposed to
smaller SiO, NPs (15 nm), which means an increased
DNA damage in an NP-size-dependent manner (Fig. 3)
[62].

Several studies used a modification of the Comet assay
specifically to evaluate oxidative DNA damage. For this
purpose, the endonuclease formamide pyrimidine gly-
cosylase (Fpg) is generally used for detection of 8-OH
guanine, other damaged purines, basic sites (AP sites)
and ring-opened N-7 guanine adducts [63]. This endo-
nuclease is added to the gel and incubated for 30 min at
37°C in a humidified chamber. It is important to prepare
this enzyme in a buffer solution containing b-mercap-
toethanol to preserve the enzyme and to take into con-
sideration that the inclusion of sulthydryl reagents in the
reaction buffer would significantly increase background-
DNA breakage. Gerloff et al. demonstrated that only
anatase/rutile TiO, NPs significantly increased DNA-
strand breakage while none of the anatase TiO, NPs
induced oxidative DNA damage [3].

3.6. Use of microscopy to study cellular morphological
alterations

Several studies derived from EM analyses have reported
morphological alterations in the cell layer and/or cell
shape after exposure to cytotoxic agents, so it is not
surprising that the visualization of morphological alter-
ations is considered a primary index of toxicity. Changes
in the morphology of lung fibroblasts were examined by
SEM after incubation with 20-nm ZnO NPs for 72 h. For
this analysis, cells were washed with PBS and dehy-
drated in 35% alcohol for 10 min, followed by consec-
utive addition of ethanol solutions from 40% to 100%.
Finally, the samples were dried in vacuum before SEM
analysis. A very rough cell surface was observed in ZnO
NP-treated cells, compared with control cells, which
have a regular morphology and smooth surface. More-
over, the presence of nanosized pores of 20 nm in the
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plasma membrane indicated that ZnO NPs could have
entered into the cells, thus affecting the inner structure
and inducing apoptosis and/or necrosis [49].

Unlike SEM or TEM techniques, phase-contrast
microscopy allows examination of living cells in their
natural state without need for previous fixation or
dehydration steps. Hussain et al. observed that increas-
ing the concentration of Ag NPs in culture media led to
morphological changes in rat-liver cells, which started to
shrink, and became irregular in shape [10]. In the same
way, the cellular morphology of epithelial carcinoma
cells was observed in order to evaluate the cytotoxicity of
Fe304 NPs with different surface functionalizations [14].

For a more exhaustive visualization of the morpho-
logical changes, cells may be fixed and differentiated
using the hematoxylin-eosin method. Hematoxylin
(blue-purple dye) stains nucleic acid and eosin (pink dye)
stains proteins non-specifically. The required protocol for
sample preparation is very straightforward. In a study of
cytotoxicity of Fe NPs, HeLa cells were seeded on the
glass coverslips in 24-well plate and incubated for 2 h
with the NPs. Then, cells were fixed with 4% parafor-
maldehyde and stained with hematoxylin and eosin. In
this case, no significant changes in cellular morphology
were observed after exposure to Fe NPs [30], which
could be due to the extremely short exposure time se-
lected to carry out the study.

3.7. High-throughput discovery platforms

In addition to the assays commented before, which are
mainly based on target-directed approaches, high-
throughput discovery platforms based on gene- and
protein-expression profiling can provide very useful
information on the specific mechanisms of interaction of
MNPs with cells. Gene expression is the term used to
describe the transcription of the information contained
within the DNA into messenger RNA (mRNA) molecules
that are then translated into proteins. The study of the
kinds and the amounts of mRNA produced by a cell
under certain conditions, which are directly related to
which genes are expressed, provides insights into how
the cell responds to a particular perturbation.

A way to evaluate the expression of many genes in a
single experiment is by using a DNA microarray, which
is a collection of microscopic DNA spots immobilized in
a solid surface. Each DNA spot contains picomoles of a
specific DNA sequence, known as reporters (also known
as probes or oligos), which can be a short section of a
gene or other DNA element used to hybridize a cDNA
or a cRNA. Probe-target hybridization is usually de-
tected and quantified by detection of fluorophore, silver-
labeled or chemiluminescence-labeled targets to deter-
mine relative abundance of nucleic-acid sequences in
the target.

Hanagata et al. [64] carried out a whole genome-
expression analysis to study the molecular responses of
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lung epithelial cells to CuO NPs. After extraction of the
RNA from cells exposed to CuO (or control cells), the
RNAs were amplified and labeled with fluorescence
probes (Cy3 and Cy5). Hybridization of the amplified
RNAs with the DNA microarray was carried out for 18 h
at 65°C. Then, the microarray was scanned to measure
the fluorescence intensity of Cy3 and Cy5. Foreground
and background median values of each spot were ob-
tained from median values of the pixels included in each
spot area. The difference between foreground and
background values of each spot was established as the
signal strength, and only spots with signal values >3
times the noise value were considered valid spots. The
results indicated that change of gene expression involved
in mitogen-activated protein-kinase (MAPK) pathways
and cell-cycle progression in cells exposed to CuO NPs
were similar to those in cells exposed to Cu ions [64].
With a similar approach, Mahmoudi et al. evaluated the
toxicity of superparamagnetic iron oxide in different cell
lines (heart, brain and kidney) [65] and Dua et al. the
toxicity induced by mesoporous silica NPs, Fe,O; NPs
and ZnO NPs in kidney cells [66]. The findings using this
approach have to be analyzed by powerful bioinformatics
tools due to the large amount of data obtained. In
addition, alternative methods (e.g., real time-PCR) are
required for further validation of the identified targets.
Examining changes in protein expression can also be
very useful for better understanding of the effects of
MNPs in cells [67].

Among all the proteomic approaches available,
quantitative strategies are particularly attractive, since
they allow for identification of differentially-expressed
proteins in cells exposed to MNPs, compared to control
cells. Although these approaches are extensively used in
other research areas [68], they have been applied to
study MNP toxicity in only a few studies. Yang et al.
used two-dimensional differential gel electrophoresis
(2D-DIGE) to identify proteins altered after exposure to
SiO, NPs. In this study, control and cells exposed to SiO,
NPs were differentially labeled with Cy3 and Cy5 dyes for
comparison on the same gel. The labeling reaction was
carried out for 30 min at 4°C in the dark and then
quenched with a 50-fold molar excess of free lysine. The
internal standard was labeled with Cy2 dye and use on
all gels to aid image matching and cross-gel statistical
analysis. The proteomic analysis revealed that 16 dif-
ferentially-expressed proteins were induced by SiO, NPs
exposure, and that the expression levels of these proteins
were associated with the particle size [69].

Jeon et al. also used 2D-DIGE to analyze the hepato-
toxicity induced by TiO, in liver cells, finding 15 altered
proteins related to inflammation, apoptosis and antioxi-
dative reaction [70]. Alternatives to 2D-DIGE [e.g., stable
isotopic labeling by amino acids in cell culture (SILAC),
isobaric tags for relative and absolute quantitation
(iTRAQ) and label-free methods] should also be consid-
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ered for future studies, since they generally provide
better results than gel-based approaches [67].

4. In-vivo assessment of the toxicity of metallic
nanoparticles

After in-vitro toxicity assays and before the pre-clinical
studies, in-vivo assays to evaluate the toxicity of MNPs
are needed to design specific and safe clinical trials to
develop new strategies for the applied use of MNPs. This
use includes diagnostic and/or therapeutic purposes,
although large-scale use of MNPs also represents an
increasing risk to health and the environment [18,71].

Several aspects of the physicochemical properties of
MNPs are important to design these protocols and, of
course, suitable for the biological organism in each case.
The target organ in the organism chosen is also one of
the major issues to test, so it is important to test hepa-
totoxicity, nephrotoxicity, pulmonary toxicity, spleen
toxicity, immune-system activation, hematological
toxicity and oxidative stress, among others [72,73].
Within the most important options to consider is the
route of administering NPs, especially in higher verte-
brates and mammals.

4.1. Routes of administration in common animal
models

The acquisition pathway of MNPs by biological systems
is determinant, in most cases, of the type and the extent
of potential damage in different organs and tissues. We
discuss below relevant routes of administration and
doses in different animal model.

4.1.1. Skin absorption. This route of administration in-
volves not only active absorption after direct application
to the skin but also passive uptake of NPs through the
skin (e.g., respiration after nebulization in a chamber or
directly in the water for aquatic animals) [74].

The zebra fish is a genetically-tractable vertebrate-
model organism commonly used for the in-vivo admin-
istration and testing of MNP toxicity. Compared to other
vertebrate animal models, zebra fish have several bene-
fits. Importantly, housing and maintenance are less
expensive, making it an attractive model for preliminary
studies of toxicity and/or environmental contamination.
Moreover, the zebra-fish model for the assessment of
toxicity is easily extrapolated to other vertebrates and
humans. The short life cycle of this aquatic vertebrate
makes it very suitable for the study of embryo viability
and genetic malformations during treatment with NPs.
Assessment of MNP toxicity in zebra fish includes
immunohistochemical analysis, flow-cytometry studies
to detect ROS and proteomic analysis for well-established
cellular markers of stress [75]. Eurasian perch,
oysters and the fruit fly share many of the zebra-fish
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characteristics, so making them suitable models for
toxicity studies, although they are used less frequently
because their genetics are not well known.

4.1.2. Airways release. In-vivo toxicity of Ag NPs and
Au NPs has been studied in models of sub-chronic
inhalation, in trying to have a complete study of tox-
icity that measures the adsorption, distribution,
metabolism and excretion (ADME) of MNPs in-vivo in
rats [76]. These studies, although not very common,
need to be done for commercial purposes and for the
effects of MNPs in humans. The most important
parameters are the lowest dose for an adverse effect
(LOAEL) and the dose with no adverse toxicity effect
included in the pre-clinical trial (NOAEL). These studies
tested daily different doses (e.g., Au NPs in different
groups of male and female rats with 6-h-inhalation
treatment consecutively during three months). Air-
ways, skin and mucosas (oral, nasal and genital) were
checked daily and the rat’s weights were monitored
once a week. The analysis pre-mortem included bio-
chemistry and hematologic parameters, nephrotoxicity
and lung function. The post-mortem study comprised
multi-organ  histopathological analysis (including
broncho-alveolar lavage). Au NPs accumulation in tis-
sue was measured by AAS [76].

4.1.3. Systemic administration. Commonly used routes
for systemic release of MNPs are intravenous (i.v.) and
intraperitoneal (i.p.) injection. The systemic administra-
tion of MNPs by these two pathways allows study of
their organ distribution after different time points. The
organs are extracted from injected mice and accumula-
tion of NPs is generally analyzed by ICP-MS and/or by
fluorescent imaging with confocal microscopy. Interest-
ingly, small silica-coated magnetic (50 nm) NPs con-
taining rhodamine B isothiocyanate were recruited to
the brain, through the blood-brain barrier [77], whereas
Au NPs with a diameter of 100-250 nm were retained
in different tissues and organs (e.g., liver, spleen, kidney,
or lungs) [78].

Hematological and biochemical studies are also per-
formed in these animals to test the toxicity of NPs in
tissues and blood cells.

Another interesting approach with systemic adminis-
tration of NPs is the evaluation of mutagenic potential,
chromosomal aberrations and genotoxicity for germinal
cell-viability studies [77,79].

4.1.4. Oral gavage. This route of administration has
been studied using Cu NPs of different sizes after gavage
of mice through naso-gastric probe. In this model of
acute toxicity, the effect of the NPs was tested after short
exposure to high doses. After determination of the LD5,
(lethal doses determination for 50% of the population), a
complete histopathology and hematology study has to be
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performed to describe the ADME parameters in vivo in
the animal model.

Oral toxicity determination is important due to the
putative use of NPs with food or orally-administrated
drugs [80,81]. Moreover, oral uptake of NPs through
drinking water pollutants or passive uptake from other
routes of administration (e.g., airways or skin) must be
taken into consideration to address the in-vivo toxicity of
MNPs fully [82]. A single administration of NPs is per-
formed in the acute exposure model for toxicity assess-
ment of MNPs; hence, increasing doses of the different
NPs and the control (vehicle) are administrated to the
mice to detect the LD5q

In an interesting study, Chen et al. tested two sizes of
Cu NPs (25 nm and 17 nm), and compared the effect to
that of soluble ionic Cu after administration through a
nasogastric probe. This study revealed the importance of
the size of the NPs for the induction of toxicity — larger
NPs have a smaller surface area in contact with the
organism and are, therefore, potentially less toxic than
the smaller NPs or the ionic Cu. Another important
conclusion from this work is that study of the different
ways of administering NPs is essential to understand the
difference and the specificity of the toxicity induced by
MNPs. As an example, the interaction of NPs with H' in
the stomach after oral administration promotes an
increase in the release of HCO;", which results in an
increase of the pH in the stomach causing renal damage
and electrolytic metabolic alterations [82].

Another important issue after oral administration of
NPs is the different outcome depending on the use of
males or females for toxicity tests. In this regard, males
are more prone to produce H' in the stomach, so they
are more susceptible to develop renal damage than fe-
males [83]. All these considerations mark the impor-
tance of designing an adequate experimental model for
in-vivo toxicity. Moreover, deep knowledge of the biology
of the selected animal is needed for proper assessment of
the effect of the route of administration on the toxicity
induced by MNPs [82].

4.2. Alternative in-vivo models

Other organisms (e.g., invertebrates), which permit the
analysis of ADME-toxicity parameters, have also been
used for the in-vivo evaluation of the toxicity of MNPs.
An important benefit of these models is that there is no
need to refer them to bioethical committees.

4.2.1. Invertebrate organisms. In an interesting study,
Novak and collaborators proposed a terrestrial inverte-
brate, Porcellio scaber (Isopoda, Crustacea) to test toxicity
of TiO, NPs orally administered [84]. They hypothesized
that the TiO, NP toxicity could be due to the high doses,
exposure time and the ability to distribute within the
whole animal body after crossing gut epithelial-cell
barriers. The route of administration by feeding the

http://www elsevier.com/locate/trac 265



Trends

animal with TiO, NPs within the food intake permitted
the study of several parameters (e.g., general health
score of the animals). Each individual was independently
exposed and the feed rate was calculated by the relation
between food consumption and weight increase of each
animal each day of treatment. The ability of NPs to
spread throughout the whole organism was evaluated by
analyzing the membrane integrity of gut epithelial cells
by immunohistochemistry [84,85].

The use of biomarker organisms of environmental
contamination is another interesting model to test MNP-
induced toxicity. In this test, freshwater crustacean
Daphnia magna has been used as a contamination bio-
marker due to its sensitivity to changes in the ecosystem
[86]. Moreover, D. magna is part of the trophic chain
base revealing important information about the accu-
mulation of toxic effects within the rest of the organisms
in the ecosystem [87,88].

In a recent work, Asghari et al. evaluated the toxicity
of different groups of colloidal Ag NPs under an acute,
short-term exposure model. They determined the mini-
mum dose of Ag NPs inducing lethality in D. magna after
48-h administration in water containers. The toxicity
score was evaluated by determining lethal doses (LD,
LDs, and LDgg), observation of birth defects and pro-
gression of paralysis. They concluded from these studies
that the toxicity of Ag NPs depends on their nature and
state of aggregation [89]. Similar studies have been
performed by other groups to analyze the effects of Ag
NPs ingested by D. magna [89,90].

There are benefits and disadvantages from using
invertebrate models to test toxicity induced by MNPs.
First, the protocols are technically easier than those for
vertebrates and mammals so interpretation is easier.
Invertebrates are big enough to obtain sufficient amounts
of biological samples for histopathological analysis and
other purposes. Another important issue is the possibility
to obtain a large number of individuals to increase sta-
tistical significance. Conversely, the short experience
with these models so far could be a disadvantage in using
them in MNP tests. Another objection to using inverte-
brates is the lack of mathematical models to interpret the
results properly and to extrapolate to the potential tox-
icity in humans. The last concern could be aggravated
due to the low physiological correlation between verte-
brates and invertebrates. Hence, the ideal situation for
properly testing the toxicity of MNPs would be the use of
both types of model animal, invertebrate and vertebrate.

4.2.2. Embryo models. Another important factor to be
considered is the potential toxicity of MNPs during em-
bryo development. To address this question, Clancy et al.
developed a model of live chicken embryo in which
MNPs were administered directly into the bloodstream.
The use of fluorescent NPs allowed the study of their

266 http://www _elsevier.com/locate/trac

Trends in Analytical Chemistry, Vol. 43, 2013

distribution throughout the whole body, as well as the
aggregation behavior, by fluorescence spectroscopy.

NPs tended to aggregate and to accumulate in blood
vessels of different sizes and in tissues with high angio-
genic activity. Similarly to the toxicity studies in verte-
brates, the toxicity in embryo models depended on the
bio-distribution of the MNPs and their physicochemical
properties: size, electrical charge, and surface modifica-
tions (e.g., chitosan and fluorescent particles) [91,92].

The data obtained from live chicken embryos could be
extrapolated to adult animals, so being helpful for the
development of toxicity protocols. Moreover, chicken
embryo is a bona fide model for experimentation, as their
use is not regulated by ethical committees, thus avoiding
legal issues [92].

4.2.3. Prokaryotic organisms. A new biological model
using prokaryotic organisms was recently proposed for
MNP-toxicity studies. This model is based on using
bacteria able to produce bioluminescence. Biolumines-
cence intensity is directly related to cellular metabolism,
and this correlation is used to address the toxicity of NPs.
A decrease in metabolic activity induced by exposure to
MNPs would decrease the bioluminescence intensity,
which would indicate an increase in the toxicity induced
by MNPs.

The use of bacteria with these characteristics repre-
sents a new method to address the toxicity of different
MNPs in a short time period by analyzing fluctuations of
light emission [93]. This characteristic of luminous
bacteria has been used in promising toxicity studies for
Au NPs and carbon nanotubes in assays taking just
15 min [94]. The results obtained with the luminous
bacteria were comparable to those obtained with other
conventional approaches used to evaluate MNP-induced
toxicity [95].

5. Conclusions

We have presented the different options used to evaluate
the potential toxicity of MNPs using in-vitro and in-vivo
assays. Although the number of articles aiming to assess
the toxicity of MNPs is increasing, there is still an urgent
need for standardized protocols allowing systematic
study of the toxicity induced by particular types of MNP.
As we have shown, not only are concentration and the
exposure times parameters that have to be considered
when assessing the toxicity of MNPs, but stability, par-
ticle size, shape and aggregation state are also significant
factors. Moreover, when using in-vitro models, the
behavior may be radically different, depending on the
cell line tested.

As for the in-vivo models, it is important to choose not
only the correct animal model but also the appropriate
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route of administration, since the toxic response can
greatly vary.

Also, it is important to mention that, although general
toxicity assays have been shown to be very useful to
evaluate MNP-induced toxicity, approaches focused on
identifying specific targets (genes and/or proteins) may
help not only to improve understanding of the interac-
tion mechanisms of cells and organisms with MNPs, but
also to design novel non-toxic MNPs.
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ABSTRACT

Selenium nanoparticles have been recently proposed as a potential chemotherapeutic
agent due to its low toxicity and its ability to arrest the cell cycle of cancer cells.
However, the biochemical mechanisms associated to this effect have not yet been
uncovered. We evaluate here the potential of selenium nanoparticles to induce cell cycle
arrest and to inhibit in-vitro invasiveness. In addition, we use a quantitative proteomic
approach to identify potential protein targets involved in the mechanisms associated to
selenium nanoparticles exposure. Our data suggest that the induction of the cell cycle
arrest at the G1/S transition is mediated by de-regulation of the elF3 protein complex.
We found additional de-regulated proteins upon selenium nanoparticles exposure that
could also be involved in the overall inhibition of cell proliferation. These findings not
only support the potential of selenium nanoparticles as anti-cancer therapy but also
provide a deeper insight into the mechanisms associated to their chemotherapeutic

effects.

KEYWORDS: selenium nanoparticles; cell cycle arrest; elF3 protein complex;

inhibition of invasiveness.
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INTRODUCTION

Selenium is one of the essential trace elements and has great importance in
nutrition and medicine due to its antioxidant properties. The relationship between
selenium intake/status and several health outcomes such as cancer, cardiovascular
disease, diabetes and male fertility have been recently reviewed by Fairweather-Tait et
al.' It is known that the dose and the chemical form of selenium have a significant
influence on these beneficial effects.>’

Selenium nanoparticles (SeNPs), which are considered a novel Se compound,
are attracting increasing attention of the scientific community due to their excellent
antioxidants properties and low toxicity in comparison with other Se-species such as
selenomethionine (SeMet)* and selenium methyl selenocysteine (SeMeSeCys). Jin-
Song et al. demonstrated that selenite and SeNPs had a similar behavior and antioxidant
effects on cells by stimulating the synthesis of glutathione peroxidase (GPx),
phospholipidhydroperoxide glutathione peroxidase (PHGPx) and thioredoxinreductase
(TR).® However, It has also been reported that SeNPs exhibit a great selectivity between
cancer and normal cells showing a broad spectrum of growth inhibition for A375,
CNE2, MCF-7 and HepG2 cancer cells. This effect was more pronounced than when
using selenite at a similar concentration.” Recently, it has also been shown the anti-
proliferative effect of SeNPs on HeLa and MDA-MB-231 cells in a dose-dependent
manner by induction of cell cycle arrest.*However, the biomolecular mechanisms
involved in this inhibitory effect have not yet been fully understood.

Proteomics is a powerful tool for describing complete proteomes at the
organelle, cell, organ or tissue levels. Among all the proteomic approaches available,
quantitative strategies are particularly attractive, since they allow for identification of
differentially expressed proteins by comparing proteomes as affected by different
conditions.” In this way, the identification of changes in individual proteins or group of
proteins associated with SeNPs exposure could help to gain insight into the mechanisms
of action of these NPs.'’Between the different alternatives for relative protein
quantitation, stable isotopic labeling by amino acids in cell culture (SILAC) is one of
the most reliable alternatives. Metabolic incorporation of labeled amino acids into all
proteins from cells of one of the samples, and subsequent combination of labeled and
unlabeled samples in equal ratios, enables quantification of proteins from the two

samples. Within the same mass spectrometric experiment, tandem mass spectrometry

254



(MS/MS) can be carried out to obtain sequence information for protein
identification.'""

In this work, we investigated the potential cytotoxic effects of SeNPs and the
biological mechanisms involved in the interaction of SeNPs with a human
hepatocarcinoma (HepG2) cell line. We evaluated key parameters such as cellular
viability, cellular uptake and localization, apoptosis and cell cycle pattern. In addition,
we used SILAC for the identification of specific protein targets affected upon SeNPs
exposure. Our data allowed us to dissect the mechanism by which SeNPs induce cell
cycle arrest at the G1/S transition. We conclude that SeNPs-induced de-regulation of the
elF3 protein complex affect the protein synthesis machinery inhibiting cell cycle
progression. Finally, we demonstrated that exposure to SeNPs inhibit in-vitro
invasiveness of HepG2 cells, thus supporting the idea of SeNPs as a potential

chemotherapeutic agent.*™"

RESULTS AND DISCUSSION

Synthesis, Characterization, Stability and Cytotoxicity of SeNPs.In a
previous report, Bai et al.'®demonstrated the capability of monosaccharides (glucose),
oligosaccharides (sucrose) and polysaccharides (chitosan) to modify the size,
morphology and stability of SeNPs in liquid dispersions. We used chitosan since
previous studies have shown how encapsulation of selenite into chitosan significantly
improved the antioxidant properties and promoted a high retention of selenium in
cells.'”"®In our method, the synthesized SeNPs were enwrapped by chitosan forming
strong hydrogen bonds between the hydroxyl groups of chitosan and the ascorbic acid
and the selenite. The amino groups were positively charged in acetic acid media (pH
3.2) favoring SeNPs dispersion by charge repulsions.”We used transmission electron
microscopy (TEM) to characterize the synthesized SeNPs under different concentrations
of chitosan (ranging from 0.01% to 0.1%) in terms of particle size, morphology and
aggregation. In all cases SeNPspresented a spherical structurewith particle sizebetween
10 nm to 60 nm. However, the size distribution was significantly affected by the
concentration of chitosan. 0.1% chitosan provided a homogeneous dispersion in which
around 80-90% of the SeNPshad a size in the range 40-60 nm (Figure 1A) and thus, we
selected this concentration for further experiments.

We evaluated the stability and aggregation of the synthesized SeNPs stored at
4°C for up to two months. We did not observed significant differences in the TEM
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images as for changes in particle size and aggregation during this time. In addition, no
flocculation was visually detected. We also examined the potential oxidation of SeNPs
to Se(IV) weekly by centrifugation of the SeNPs suspension using 10 KDa cut-off
filter.The total Se present in the liquid fraction was quantified by inductively-coupled
plasma mass spectrometry (ICP-MS). We only found a low percentage of ionic Se (<
0.1%) , thus showing the good stability of the synthesized SeNPs.

It has been reported that NPs are prone to be covered by proteins present in
culture media during in vitro assays;thus altering the interaction of the NPs with the
cells, or inducing NPs aggregation,which could reduce their mobility, uptake by living

cells and cytotoxicity.***

Jiang et al. showed a gradual aggregation of SeNPs in culture
media with increasingSeNPs concentrations, and the different influence of these
aggregates on the cytotoxic effects.”> We tested the viability of human hepatocarcinoma
(HepG2) cells exposed to different concentrations (between 0.1-20 pg/mL) of SeNPs
during 24h and 48h. We did not observe significant aggregation of SeNPs in the culture

. . . . 24.2
media. As in previous studies,**’

cell viability decreased with increasing NPs
concentration and exposure times (Figure 1B). High SeNPs concentrations (10 and 20
pug/mL) caused an almost 100% decrease on cell viability after 24h, while the lowest
concentration (0.5 pg/mL) did not significantly affect cell viability after 48h exposure
time. 1 ug/mL SeNPs and 48h exposure time induced a 30% decreased in cell viability
as compared to control cells. Thus, we selected this last conditionas optimum for further

experiments.
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Figure 1.The use of 0.1% chitosan as stabilizer provided a homogencous SeNPs
suspension with around 80-90% of NPs in the range 40-60 nm. Cell viability of HepG2
cells exposed to SeNPs decreased in a dose-dependent manner. (A) Transmission
electron microscopy of SeNPs synthesized in the presence of 0.1% chitosan. (B) Cell
viability of HepG2 cells exposed to different concentrations of SeNPs at different times.
The MTT assay showed that high concentrations (10-20 pg/mL of SeNPs) caused an
almost 100% decrease in the cell viability. Exposure conditions of 1 pg/mL of SeNPs

and 48 h induced a 30% decrease in cell viability and were selected for further

experiments.

Cellular uptake and localization of SeNPs.The degree of cellular internalization
is a potentially relevant factor for understanding the biological mechanisms affected by
SeNPs exposure. Many authors have reported a close correlation between intracellular
uptake and cytotoxic effects.’*We determined the total Se in the cell culture media, in
PBS washing solution and in the pellet of cells exposed to 1 pg/mL SeNPs for 48 h by
ICP-MS.”” The data obtained showed that the majority of Se was found in the culture
media and that only 1% of the total Se added was internalized by the cells after 48h.
These results showed how even small amounts of NPs could greatly alter cell

functioning.
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We then used TEM for cellular localization of the internalized SeNPs with two
purposes: (i) to discard the possibility of potential oxidation of SeNPs in contact with
the cells, since our ICP-MS analysis could not differentiate between SeNPs and other
potential oxidized forms of Se; (i1)) To confirm whether or not the SeNPs were really
inside the cells or just attached to the cell membranes. As shown in Figure 2, SeNPs
were uptaked by HepG2 cells, localized in vacuoles (Figure 2A), also distributed
throughout the cytoplasm (Figure 2B) and in subcellular organelles such as
mitochondria and the endoplasmic reticulum (ER) (Figures 2C and 2D). These two
organelles play an important role in different processes including cellular energy
supplying, differentiation and apoptosis.”*While mitochondria is one of the most
sensitive organelles to many exogenous compounds and in fact, several studies have
reported that NPs localized in mitochondria may induce mitochondrial structure damage
through oxidative stress;**>* recent studies suggest that the ER is quite sensitive to
oxidative damage and may also play an important role in the response to oxidative
stress-induced damage.**®As expected, SeNPs were not localized in the nuclei due to
their particle size, thus reducing the possibility of DNA damage. In addition, about 90%
of cells exposed to SeNPs exhibit more than 2-fold increased in the number of vacuoles
as compared to control cells (Figure 2E and 2F). These results agree well with a
previous study by Huang et al. were formation of membrane fusion vesicles during

. . . . . 37
active endocytosis was induced in breast adenocarcinoma cells exposed to SeNPs.
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Figure 2. Transmission electron microscopy showed that SeNPs uptaked by HepG2
cells are localized in (A) vacuoles, (B) throughout the cytoplasm and in subcellular
organelles such as (C) mitochondria and (D) the endoplasmic reticulum. As expected,
SeNPs were not localized in the nuclei due to their particle size. (E, F) About 90% of
cells exposed to SeNPs exhibit more than 2-fold increased in the number of vacuoles as

compared to control cells.

SeNPs induce cell cycle arrest. We assessed the degree of apoptosis and
necrosis in cells exposed to SeNPs by flow cytometry. We did not observe significant
differences in the number of apoptotic or necrotic cell populations between control and
SeNPs-exposed cells (Figure 3A), which correlates well with the fact that chromosome
condensation and nuclear fragmentation, which are typical features for apoptotic cells,
were not observed by TEM in the cells exposed to SeNPs.

We also used flow cytometry to further investigate the influence of SeNPs
exposure on the cell cycle patterns of HepG2 cells by measuring the content of DNA
(Figure 3C.1 and 3C.2). After exposure to SeNPs, the number of cells in GO/GI
increased to the same point that the populations in S-G2/M decreased. In fact, we
observed that the population of cells in phase G2/M was almost absent in SeNPs-
exposed cells. Thus, our results suggest that SeNPs induce cell cycle arrest at the S
phase, which is in agreement with a previous study by Luo et al. using HeLa and MDA -

MB-231 cells.®
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Figure 3. SeNPs exposure of HepG2 cells did not induce apoptosis but a cell cycle
arrest at the G1/S transition. (A) Annexin-V-based flow cytometry analysis did not
reveal a significant increase in apoptosis after SeNPs exposure. (B) Measurement of the
DNA content by flow cytometry of SeNPs-exposed cells showed that the number of
cells in GO/G1 increase to the same point that the populations in S-G2/M decrease as
compared to control cells. (C) The population of cells in phase G2/M was almost absent

in (C.2) SeNPs-exposed cells as compared to (C.1) control cells.

Differential protein expression ofSeNPs-exposed HepG2 cells.To identify the
proteins altered after SeNPs exposure, we performed two large-scale SILAC
experiments (Figure 4A). MS analysis identified a total of 1170 proteins with at least
one unique peptide in the two SILAC experiments and a false discovery rate of 0.4%
estimated from the number of hits against the reverse sequence/total hits ratio, p>0.01.
However, only 488 proteins passed the criteria established for protein quantitation,
which include identification of at least two unique peptides with a MASCOT score >39
for the peptides and >46 for the full protein (Supplemental Table S1). The global
overlap between the two SILAC experiments was 69%. We then focused on proteins

with at least 1.3-fold difference between control and exposed cells and with 20% as the
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maximum relative standard deviation between peptides within each protein. Most of the
identified proteins had a SILAC ratio close to 1. Judge by this criteria, 41 proteins were
considered significantly altered in SeNPs exposed HepG2 cells compared with control
cells. Of these, 21 were up-regulated and 20 down-regulated (Table 1).

For an unbiased search of pathways involved in SeNPs exposure, we submitted
the 41 altered proteins to knowledge-based Ingenuity pathway analysis (IPA). This
allowed us to identify enriched canonical pathways involved in cell growth, cell
proliferation, protein synthesis, DNA replication, nucleic acid metabolism, post-
translational modification and cellular death. We also classified the differentially
expressed proteins to their molecular and cellular functions using the gene ontology
(GO) database. We found altered proteins involved in cell cycle regulation, cellular

compromise, cellular growth and proliferation, amino acid metabolism and cell

morphology (Figure 4B).
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Figure 4. (A) A quantitative proteomic approach based on stable isotopic labeling by
amino acids in cell culture (SILAC) identified a set of de-regulated proteins upon
SeNPs exposure. (B) Altered proteins were involved in cell cycle regulation (RCC),
cellular compromise (CC), cellular growth and proliferation (CGP), amino acid
metabolism (AAM) and cell morphology (CM). Among these found de-regulated
proteins, several subunits of the elF3 protein complex, involved in the protein synthesis
machinery, appeared down-regulated after SeNPs exposure. (C) Quantification of
proteins was carried out using the MS spectra while the identifications were performed

based on MS/MS data.
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SeNPs exposure affects the expression of the elF3 protein complex.The
alteration of proteins involved in cell growth, cell development and protein synthesis by
SeNPs exposure may be closely related with the cell cycle inhibitory effect observed in
exposed HepG2 cells. Protein synthesis is closely integrated with other metabolic
pathways, influencing transcription, protein turnover and early development. Among
the de-regulated proteins found in our SILAC experiments, we identified down-
regulated two eukaryotic translation initiation factor 3 (elF3) subunits (elF3m and
EiF3d). The elF3 complex, formed by thirteen protein subunits, is considered the largest
of the initiation factors, since the regulation of the protein synthesis and protein
degradation machinery is coordinated through some eIF3 subunits.**¢IF3 has two main
roles in protein synthesis: first, e[F3 binds to the 40S ribosome and facilitates loading of
the Met-tRNA/elF2-GTP ternary complex to form the 43S pre-initiation complex; and
secondly, eIF3 apparently assists eIF4 in recruiting mRNAs to the 43S complex.”

elF3m is associated to different mRNAsencoding proteins involved in nucleic
acid metabolism, transporter proteins and proteins of unknown function.*’It has been
observed that the eIF3m subunit is highly expressed in many human cancer cell lines
and its overexpression can be related to tumor progression.In addition, down-regulation
of elF3m reduces the proliferation of carcinogenic cells. Goh et al. silenced the
expression of the elF3m subunit by specific siRNA and confirmed the influence of
elF3m on cell proliferation, cell cycle progression and cell death in human colon cancer
cell line HCT-116 by decreasing the CDC25A activity, which is required for
progression from G1 to the S phase of the cell cycle.*'Based on the evidences reported
in previous studies, and the down-regulation of the e[F3m and elF3d subunits observed
in our SILAC approach after SeNPs exposure, we hypothesized that the inhibition of the
expression of the elF3 complex could be directly related with the inhibitory effect of
SeNPs on the proliferation of HepG2 cells.

Another subunit, e[F3a, involved in cell proliferation and tissue development has

- : - - 42-46
also been found highly overexpressed in several human and murine cancer tissues. 1

n
fact, many studies have reported the role of elF3a as an early differentiation marker in
human mammary carcinoma cells, although the role of this subunit in oncogenesis is
still unclear. While some reports has proven the role of elF3a in cancer development,
other results have suggested that it could actually acts against evolution into higher
malignancy.*’The eIF3b subunit is considered to be the major scaffolding
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subunit.**Liang et al. showed that eIF3b has an important role in human glioblastoma
development and the knockdown of its expression significantly inhibited glioblastoma
cells proliferation.’’In addition, Wang et al. also suggested that the protein synthesis
machinery can be significantly inhibited in human colorectal cancer cells by decreasing
the expression of the eIF3b subunit.’'Since we did not identify either the eIF3a and the
elF3b subunit in our SILAC approach, we performed an immunofluorescence assay to
evaluate the level of expression of these subunits after exposure to SeNPs (Figure 5).
The expression of both subunits appeared significantly inhibited after exposure of
HepG2 cells to 1.0 pg/mL of SeNPs for 48h. These results also support the proteomic
data obtained and suggest that exposure to SeNPs inhibit the levels of expression of the
elF3 complex, which is closely related to the inhibition of cell proliferation.

In spite of the results showed before, we found one of the elF3 subunits, elF3f,
overexpressed in our SILAC approach. Although this result may appears contradictory
with our previous conclusions, surprisingly, elF3f is involved in the development and
apoptosis of tumor cells by interacting with CDK 11.>**’In fact, Shi et al. demonstrated
that elF3f appeared down-regulated in most human tumors and its ectopic expression
inhibited translation and cellular protein synthesis in pancreatic cancer cells, inducing
them to enter apoptosis. Protein synthesis was significantly lower in elF3f-
overexpressing cells compared to those transfected with the vector alone.”*The fact that
we found eIF3f up-regulated while other elF3 subunits were down-regulated strongly
support the idea that SeNPs induce cell cycle arrest at the G1/S transition mediated by

de-regulation of the eIF3 protein complex.
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Figure 5. The expression of the eIlF3 complex is altered after exposure of HepG2 cells
to 1.0 pg/mL of SeNPs for 48h. Control and SeNPs-exposed HepG2 cells were
immunostained for actin filaments (green) with phalloidin, for nuclei (blue) with DAPI
and for (A) elF3a and (B) elF3b (red). Note that both, e[F3a and elF3b subunits staining

intensities decrease significantly in cells exposed to SeNPs.

SeNPs induce elF3-mediated cell cycle arrest. To support the idea that the
mechanism by which SeNPs induce cell cycle arrest at the G1/S transition is by
inhibiting the expression of most subunits of the elF3 complex, thus affecting the
protein synthesis machinery, we investigated whether siRNA-mediated gene knock
down of the elF3b subunit induces cell cycle arrest in a similar manner to SeNPs
exposure in HeLa cells. After validating the suitability of the transfection (Figure 6A)
by Western Blot, we analyzed the cell cycle pattern of transfected cells and cells
exposed to SeNPs by flow cytometry (Figure 6B). Silencing of the eiF3b expression
partially decreased the cell population in G2/M phase while increased the population in
the GO/G1 phase. The differences observed as compared to control cells, were similar to

those obtained after SeNPs exposure. These results, together with the different level of
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expression found for elF3 subunits after SeNPs exposure that we showed previously,

support the hypothesis that SeNPs induce elF3-mediated cell cycle arrest.
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Figure 6. siRNA knockdown of the elF3b subunit induces cell cycle arrest in a similar
manner to SeNPs in HeLa cells. (A) The suitability of the transfection was validated by
Western Blot using the methyl-tetrahydrofolatereductase (MTHFR1) as loading control
since it showed a SILAC ratio closed to 1. (B) Silencing of the eiF3b expression
partially decreased the cell population in G2/M phase while increased the population in
the GO/G1 phase. The results obtained after knocking down eIF3b were similar to those

obtained after SeNPs exposure.

SeNPs inhibit in-vitro invasiveness of HepG2 cells. Based on our results,
SeNPs could be potentially used as an anti-cancer drug due to its ability for inhibiting
cell proliferation. In order to evaluate the capacity of SeNPs to preclude cell invasion,

we used a matrigel cell culture. Matrigel has been widely used for in vitro and in vivo
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studies on cell differentiation, tumor growth, repair of epithelial tissue and
angiogenesis.””’ It is known that the differentiation response on matrigel is dependent
on the cell type being easily distinguished malignant and non-malignant cells by their
morphology when they are cultured on the surface of this basement membrane
matrix.”®Although this type of assay is less quantitative than the invasion method, the
morphological differences observed may be used to predict the tumoral behavior of
tested cell lines. We observed that HepG2 control cells migrated over the surface of
matrigel forming large cellular branches (Figure 7A), whereas cells exposed to 0.5
pg/mL SeNPs formed a less branched culture (Figure 7B). The invasive behavior
decreased with increasing concentrations of SeNPs and in fact, the morphology of cells
exposed to 1.0 pg/mL SeNPs was very different from control cells, appearing round and
individuals (Figure 7C) with no ramifications. These results support the idea that down-
regulation of several elF3 subunits by SeNPs exposure may hampers translation of
mRNAs responsible for encoding proteins important for cell proliferation and
oncogenesis. In addition, up-regulation of the eIF3f subunit, which has been appointed

as an important tumor suppressor in several cancer cell lines, may also contribute to

attenuate cell proliferation.
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Figure 7. The invasive behavior of HepG2 cells in a matrigel decrease in the presence
of SeNPs. Cells exposed to 0.5 pg/mL SeNPs formed a less branched culture as
compared to control cells. The morphology of cells exposed to 1.0 ng/mL SeNPs was

very different from control cells, appearing round and individuals with no ramifications.

Additional proteins and mechanisms affected by SeNPs exposure. In

addition to some of the subunits of the elF3 protein complex, we found other proteins
altered in our SILAC approach upon SeNPs exposure, that could also help to better
understand the mechanisms involved in the cell interaction with SeNPs.
One of the proteins that showed a higher up-regulation after SeNPs exposure was the
VAPA (VAMP (vesicle-associated membrane protein)-associated protein A) protein.
VAPs proteins are endoplasmic reticulum (ER)-resident membrane proteins that are
broadly expressed in eukaryotic cells and are involved in stress signaling, membrane
trafficking and ER homeostasis.”Since VAP proteins are considered docking sites for
cytoplasmatic factors to interact with the ER, the over-expression of VAPA may be
directly related to the presence of SeNPs in this organelle (Figure 2D).°**'VAPA is
related to the lateral diffusion inhibition of membrane proteins, and also is associated
with intracellular vesicles so that the massive vacuolization found in SeNPs-exposed
cells (Figure 2F) could be induced by VAPA up-regulation.’*®It has been reported that
the over expression of the VAP A isoform (VAPA) but not the B isoform (VAPB),
inhibited ER-to-Golgi transport of membrane proteins.*’Interestingly, we found VAPB
slightly down-regulated suggesting that this protein may also be involved in the
pathway through which SeNPs inhibited protein synthesis.

Heat shock proteins (HSPs) constitute a group of chaperone proteins that play a
pivotal role in the maintenance of protein homeostasis. In our SILAC approach,the
expression of heat shock 70 kDa protein 1A (HSPATA/HSPAI1B) was highly up-
regulated upon SeNPs exposure. This result is in agreement with previous studies in

6495 1t has been

which HSP70 was dramatically up-regulated under environmental stress.
also observed that the high expression of intracellular HSP70 may constitute a
protective role against oxidative stress.®®®’Cell division cycle 37 homolog (CDC37), a
positive regulator of stability and/or activity of some protein kinases, appeared up-
regulated in our experiment.®® This protein is involved in SAPK regulation, a stress-
activated protein kinase dedicated to transmit environmental stress stimuli which has a

crucial role in cellular survival under stress conditions and inflammatory responses.®” It
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is also worth mentioning that mammalian SAPK is related with the response of cancer
cells to cytotoxic treatments.”””"

It is known that during the development of tumor cells, the expression of many
proteins and transcriptional regulators change.’*”*Because of this, the expression levels
of these genes frequently have an important role as markers of cell invasion.
Cytoplasmic FMR1 interacting protein 1 (Cyfipl) has been defined as a potential tumor
suppressor that regulates invasive behavior. The loss of CYFIP1 expression is
correlated with tumor progression in epithelial and colon cancers. *Interestingly, we
found this protein over-expressed after SeNPsexposure , thus showing the capability of
SeNPs to raise the expression levels of certain tumor suppressors, such as in the case of
the eIF3f subunit previously shown.

The apoptosis-inducing factor mitochondrion-associated 1 (AIFM1) is required
to maintain and organize the mitochondrial respiratory complex, acting as an NADH
oxidase. It is also involved in programmed cell death and induction of apoptosis results
in the translocation of this protein to the nucleus where it affects chromosome
condensation and fragmentation.” In addition, AIFMI is a mitochondrial protein which
induces the mitochondria to release cytochrome c and caspase-9, two apoptogenic
proteins; thus, down-regulation of this protein may be associated with a low percentage
of apoptosis.”® This facts are consistent with our results since AIF1 appeared down-
regulated after SeNPs and no apoptosis was observed in our previous experiments

(Figure 3A).

CONCLUSION

To the best of our knowledge, this is the first time that a quantitative proteomic
approach has been used to unravel the molecular mechanisms responsible for the cell
cycle arrest induced by SeNPs exposure. Our data, strongly suggest that the cell cycle is
arrested in the G1/S transition by alteration of the levels of expression of the elF3
protein complex, which inhibit the protein synthesis machinery. We have shown by
different independent approaches how different elF3 subunits, which are commonly
found up-regulated in several types of tumors, are down-regulated after SeNPs
exposure, except for elF3f, which is the only elF3 subunit that has been proposed as
tumor suppressor. In addition, we have demonstrated the ability of SeNPs to inhibit in

vitro cell invasion and the de-regulation of other proteins that could also be involved in
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the overall inhibition of cell proliferation induced by SeNPs. These findings support the

potential ofSeNPs as a promising chemotherapeutic agent.

MATERIALS AND METHODS

Synthesis of SeNPs. The preparation of SeNPs was performed according to the
procedure described by Bai et al.®Briefly, 20 mL of an aqueous chitosan
polysaccharide solution (20 mL, 0.5% w/v) was mixed with 15 mL of 0.23 M ascorbic
acid and 10 mL of 2.4 M acetic acid; then, 0.5 mL of 0.51 M sodium selenite was
slowly added into the mixture. The formation of SeNPs was visually assessed by the
observation of a change from colorless to bright red in the reaction mixture. Finally, the
dispersion was diluted to 100 mL with distilled water obtaining a final concentration of

200 mg/L of SeNPs. Synthesized SeNPs were stored at 4°C up to two months.

Cell Culture and Treatment. Human hepatocarcinoma (HepG2) and human
epithelial cervix carcinoma (HeLa) cells were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with fetal bovine serum (10%v/v) and
antibiotics (penicillin, 50 U/mL; streptomycin, 50 U/mL) in 5% CO, at 37 °C. SeNPs of
50-60 nm diameter were added at different concentrations ranging from 0.1 to 20
Mg/mL and incubated for either 24 or 48 hours. Cells were then washed twice in
phosphate-buffered saline (PBS) and harvested using 0.25% trypsin/0.1% EDTA
(Sigma, USA).

Transmission Electron Microscopy Analysis. For characterization of the
synthesized SeNPs, droplets of the dispersion were placed onto a holey carbon film on
copper grids. Micrographs were obtained using the JEOL 1010 JEM transmission
electron microscope (JEOL) operating at 100 kV. Internalization of the NPs in HepG2
cells was observed after treatment with 1 pg/mLSeNPs for 48 h. Following exposure,
attached cellswere washed with PBS and fixed in situ with glutaraldehyde (2.5% v/v)
and p-formaldehyde (4% v/v) in PBS at 4 °C for 4 h. Cells were then washed and stored
in PBS at 4°C overnight. After post-fixation with osmium tetroxide (1% v/v) for 1 h at
room temperature and in the dark, the cells were dehydrated in graded ethanol series
(from 30% to 100% ethanol) and harvested with propylene oxide. Cell suspensions were
centrifuged at 1500 rpm for 30 seconds and the propylene oxide was removed. The

pellets were treated with a mixture of resin:acetone and finally, treated with 100% resin.
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The resulting blocks were incubated at 65 °C for 48 h until complete embedding.

Ultrathin sections were cut, transferred onto coppergrids and examined by TEM.

Cell Viability Assay. Cells were seededin a 96-well plate at a concentration of
5x10* cells per well and incubated in complete DMEM for 24 h at 37°C and 5% CO..
Cells were treated with either SeNPs (0.1, 0.5, 1, 10 and 20 pg/mL) or with SeNPs
synthesis media during 24 or 48 hours. Cell viability for each condition was measured
by the MTT assay. Briefly, 20 UL of 5 mg/mL MTT solution were added to each well
and incubated for 4 h at 37°C. Then, the media was removed and 100 pPL of dimethyl
sulfoxide was added. Absorbance was measured at 595 nm in a Sunrise microplate

reader (Tecan).

Determination of Se by ICP-MS. Selenium was quantified in HepG2 cells
exposed to 1 pg/mL SeNPs for 48 hours. After treatment, the exposure culture media,
the PBS used for washing the cells and the cell pellet were digested in a microwave
oven (CEM) with a mixture of HNO; (65%) and H,O, (35%) (2:1). Digested samples
were appropriately diluted with distilled water and then analyzed in an Agilent HP
7700x inductively coupled plasma-mass spectrometer (ICP-MS) (Agilent). Total Se was
measured using a reaction collision cell, which allows the reduction of important
spectral interferences. In this case, the use of a 6 mL/min flow of H; provided negligible
interference backgrounds for Se isotopes, '°Se and ®Se, which were quantified by

external calibration.

Flow Cytometry Analysis. Measurement of apoptosis in SeNPs treated cells
was performed using an Annexin V-FITC kit (Sigma) following the manufacturer’s
instructions. Around 1 x 10° cells were treated with 1 pg/mLSeNPs for 48 hours. Then,
cells were washed with PBS and re-suspended in 1 mL binding buffer solution at pH 7.5
containing HEPES/NaOH (100 mM), NaCl (1.4 M) and CaCl, (25 mM).Annexin V-
FITC conjugate (5 pL) and propidium iodide (10 pL) were added to 500 UL of the cell
suspension in order to label the apoptotic and necrotic cells, respectively. Cells were
incubated in the dark at room temperature, and immediately examined using a FACScan
flow cytometer (Becton-Dickinson). For evaluating the cell cycle arrest after treatment
with SeNPs, 1 x 10° HepG2 cells were re-suspended in 250 pL of PBS and mixed with

an equal volume of a solution containing 60% ethanol (v/v) and 20 pg/mL of Hoechst
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33258 reagent. Cells were incubated for at least 45 min at room temperature and the
DNA content analyzed by flow cytometry. Collected data were analyzed using the
MultiCycle AV (Phoenix Flow Systems) software.

Immunofluorescence Assay. Cells were seeded onto cover slips and incubated
with 1 pg/mLSeNPs for 48 h. The cells were washed with PBS, fixed with
paraformaldehyde (4% v/v) in PBS for 10 min, permeabilized with Triton-X100 (0.1%
v/v) in PBS forl5 min, and washed with PBS. The cells were blocked with bovine
serum albumin (BSA, 2% w/v) in PBS for 1 h, followed by incubation with the primary
antibody anti-elF3a (1:100) (Bethyl) oranti-elf3b (1:100) (BioLegends) for 40 min at
room temperature on humid chamber. After three washings with PBS, cells were
incubated with Alexa Fluor 586-labeled anti-rabbit 1gG (1:1000) (Invitrogen) for 30
minutes at room temperature. Cells were incubated with Alexa Fluor 488-labeled
phalloidine (1:60) (Invitrogen) for 20 min at room temperature. Finally, VectaShield
(Atom) was used for staining the nuclei with 4°,6-diamino-2-phenylindole (DAPI) and
as a mounting media. Fluorescence microscopy was performed in a Motic AE31

epifluorescence microscope (Motic).

elF3 Gene Knockdown. Human epithelial cervix carcinoma HeLa cells were
seeded at 5 x 10* cells/well in 24-well plates and transfected with either eIF3 (30 pmol)
or scrambled control siRNA (30 pmol) (Santa Cruz) using lipofectamine (Sigma) (1
mL) as transfection reagent and reduced serum media (opti-MEM) as transfection
media. Cells were incubated in the transfection media for 5 h. The transfection was
stopped by adding complete DMEM 10% FBS. After incubation for 24 h at 37°C 5%

CO,, the cells were harvested for further analyses.

Western Blotting. Whole total lysates were separated by SDS-PAGE and
transferred to NC membranes (Bio-Rad). Membranes were blocked in TBS-tween
buffer (TBST, 0.05% v/v) containing 3% skim milk and incubated overnight at 4°C with
the corresponding primary antibodies to the following: eukaryotic initiation factor 3
subunit b (elF3/p116), 1:1000 (Biolegend), methyl tetrahydrofolatereductase 1
(MTHFT1), 1:1000 (Santa Cruz). After washing with TBST, membranes were incubated

with HRP-conjugated secondary antibodies (Santa Cruz) for 1 h at room temperature,
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and specific proteins were visualized by enhanced chemiluminescence (GE Healthcare).

Matrigel Invasion Assay.Invasion assay was performed using Matrigel in 24-
well plates, as per manufacturer’s instructions. Briefly, Matrigel was mixed with culture
media (1:1) and 200 mL of the mixture was placed in each well and polymerized for 30
min at 37°C. A suspension of 5x10* cells previously exposed to SeNPs (0.5 and 1
Hg/mL for 48h) was added to the bottom of the well. Invasion of HepG2 cells was

observed after incubation at 37°C for 5 h by phase-contrast microscopy (Motic).

Metabolic Labeling and Exposure to SeNPs. HepG2 cells were grown in
either ‘light’ ("*Cg-Lys and '*Ce-Arg) or ‘heavy’ (’Ce-Lys and "Cs-Arg) DMEM
medium (Dundee) containing 10% dialyzed FBS and 100 units/mL of
penicillin/streptomycin. Culture media was refreshed every 2 days.Cells were grown for
at least six doublings to allow full incorporation of labeled amino acids. Two large-scale
SILAC replicates (10" cells per condition) were performed. Complete incorporation of
BCe-Lys and *Cg-Arg after six cell divisions in isotopically heavy medium was verified
by MS of a protein digest. Cells labeled with “heavy” (direct SILAC) or “light”
(reversed SILAC) amino acids were exposed to 1 pg/mL SeNPs for 48 hours. Cells
grown with “heavy” and “light” medium were mixed in a 1:1 ratio before subsequent
processing. Cells were lysed in a buffer containing 1% Triton X-100, 150 mMNacCl, 20
mMTris, pH 8, 0.2 mM ethylene diaminetetraacetic acid (EDTA), 2 mM Na3zVOy, 2
mMNaF, and protease inhibitors (Complete tablet; Roche).

SDS-PAGE and In-Gel Digestion. Proteins were separated by SDS-PAGE on
10% SDS-polyacrylamide gels. After electrophoresis, the proteins were visualized by
Coomassie blue staining and the gel lanes were cut horizontally into 20 sections.
Excised gel bands were de-stained in 25 mM ammonium bicarbonate/acetonitrile (1:1).
De-stained bands were cut into small pieces, dehydrated with acetonitrile and dried. Gel
pieces were rehydrated with 40 mL of 12.5 mg/mL trypsin solution in 25 mM
ammonium bicarbonate and incubated overnight at 37 °C. Peptides were extracted using
acetonitrile and 5% formic acid, dried by vacuum centrifugation and re-suspended in 15
uL of 0.1 % formic acid in 2% acetonitrile. All samples were sonicated for 10 min and

centrifuged before MS analysis.
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Nanoflow LC-MS/MS. The peptide mixtures from the different in-gel tryptic
digestion fractions were loaded onto a trap column (Reprosil C18, 3 um particle size,
0.3 x 10 mm, 120 A pore size, SGE) and then eluted to the analytical column (Acclaim
PepMap 100, C18, 3 um particle size, 75 um x 150 mm, 100 A pore size, Dionex, LC
Packings) with a linear gradient of 5-95% ACN in 0.1% formic acid. The samples were
delivered over 120 min by a nano-LC ultra 1D plus system (Eksigent) at a flow-rate of
200 nL/min, through the analytical column to a stainless steel nano-bore emitter (O.D.
150 um, L.D. 30 um Proxeon, Odense, Denmark). The peptides were scanned and
fragmented with an LTQ XL linear ion trap mass spectrometer (Thermo Scientific, San
Jose, CA) operated in data-dependent ZoomScan and MS/MS switching mode using the
three most intense precursors detected in a survey scan from 400 to 1600 u (three
pscans). ZoomScan mass window was set to 12 Da enabling monitoring of the entire
12C/BC isotopic envelope of most doubly and triply charged peptides. Singly charged
ions were excluded for MS/MS analysis. Normalized collision energy was set to 35%
and dynamic exclusion was applied during 3 min periods to avoid repetitive

fragmentation of ions.

Protein Identification and Quantification (Data processing). Generated raw
files were converted to mgf files (Bioworks 3.3.1) for submission to the MASCOT
database. A database containing the NCBInrHomo Sapiens sequences (as of November
2012, 35586 sequences) was searched using the MASCOT protein identification
software (v2.3 Matrix Science). Search criteria included trypsin specificity with one
missed cleavage allowed, and with methionine oxidation, *Ce-Arg and '*C¢ —Lys as
variable modifications. Minimum precursor and fragment-ion mass accuracies of 1.2
and 0.3 Da were used. To consider a protein as an accurate identification, at least one
unique peptide (bold-red peptides meaning highest scoring peptide matching to protein
with highest total score) with a Mascot score higher than 39 (p<0.05) and a minimum
total protein score of 46 (p<0.01) were required. The false positive rate was calculated
by searching the same spectra against the NCBInrHomo sapiensdecoy database.
Relative quantification ratios of identified proteins based on peak area were calculated
using Quixot v.1.3.26 open-source software

(http://150.244.205.155/mediawiki/index.php/QuiXot). Protein ratios obtained by
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Quixot were verified manually for all peptides. Functional processes and subcellular
localization of the proteins identified by SILAC were assigned based on the biological
knowledge available in Gene Ontology (GO) annotations. The Ingenuity Pathway (IPA)

software was also used to provide insights into biological networks.
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Prospects and Difficulties in TiO, Nanoparticles Analysis in Cosmetic and Food
Products Using Asymmetrical Flow Field-Flow Fractionation Hyphenated to an
Inductively Coupled Plasma Mass Spectrometry

Isabel Lopez-Heras, Yolanda Madrid*, and Carmen Camara*

Department of Analytical Chemistry, Faculty of Chemistry, Complutense University of
Madrid, Ciudad Universitaria s/n, 28040 Madrid, Spain

ABSTRACT

In this work, we proposed an analytical approach based on asymmetrical flow-field flow
fractionation combined to an inductively coupled plasma mass spectrometry (AF*-
ICPMS) for rutile TiO, NPs characterization and quantification in cosmetic and food
products. AF*-ICPMS separation of TiO, NPs was performed using 0.2% SDS, 6%
methanol at pH 8.7 as the carrier solution. Two problems were addressed during TiO;
NPs analysis by AF*-ICPMS: size distribution determination and quantification of the
NPs. Two approaches were used for size determination: size calibration using
polystyrene latex standards of known sizes and transmission electron microscopy
(TEM). A method based on focused sonication for preparing NPs dispersions followed
by an online external calibration strategy based on AF*-ICPMS, using rutile TiO2-NPs
as standards is presented here for first time. The developed method allowed suppressing
NPs-membrane non-specific interactions and overcome erroneous results when
quantifying by addition of ionic Ti solutions. The applicability of the quantification
method was tested on cosmetic products (moisturizing cream and makeup). Regarding
validation, at the 95% confidence level, no significant differences were detected
between titanium concentrations in the moisturizing cream prior sample mineralization
(3865 * 139 mg Ti/kg sample), by FIA-ICPMS analysis prior NPs extraction (3770 + 24

mg Ti/kg sample), and after using the optimized online calibration approach (3699 +
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145 mg Ti/kg sample). Besides the high Ti content found in the studied food products

(sugar glass and coffee cream), TiO, NPs were not detected.

INTRODUCTION

The presence of NMs is becoming common in a wide range of products and sectors
including medicine, cosmetics, clothing, engineering, electronics, and food. Titanium
dioxide nanoparticles (TiO, NPs) are frequently used as additives and glidants (“anti-
caking agents”) in the food industry, and are also included in sunscreens and cosmetics
products.”® The TiO, NPs included in sunscreens act as a shield against UV radiation.
Many toxicological studies have been performed and several in vitro and in vivo
toxicity tests have showed that TiO, NPs do not penetrate the human skin.*> However,
there is some controversy on the mechanisms involved in TiO,-induced genotoxicity
and carcinogenicity. ®®
Knowledge on size, shape, surface area, aggregation state, charge, chemistry, and
reactivity of NPs is essential when evaluating their potential toxicity and behavior. To
obtain correct information on the physical and chemical properties of NPs, reliable
quantitative methods of analysis are needed. A wide range of analytical techniques such
as microscopy, chromatography, centrifugation and filtration, spectroscopic, and other
related methods have been used for various purposes: characterization of particle size,
morphology and aggregation state,® chemical characterization,™® and surface chemical
analysis.** Electron microscopy is highly demanded in NPs studies, since it allows
identifying the presence of these particles, providing useful information on size
distribution and other measurable properties.>*? However, electron microscopy is not
always available and the average particle size depends on a limited number of measured

particles. Currently, field flow fractionation (FFF) is an emergent technique for size
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separation of natural and inorganic NPs. The two mainly used FFF principles for TiO,
NPs analysis are sedimentation (SedFFF) and the asymmetrical field-flow fractionation

(AF".2*™ The UV detector is the most common system used in combination with FFF,

©CoO~NOUTA,WNPE

but this separation technique can be coupled to a range of sensitive and multi-element
13 detectors such as multi-angle laser light scattering (MALLS) and mass spectrometers
15 (ICPMS).* The main advantage of FFF-ICPMS combination is not only the multiple
element detection capability, but also the higher sensitivity compared to UV detectors,
20 reaching detection limits in the range of ng/L.

22 Although AF*-ICPMS is considered a promising approach, AF* has some poorly

o5 understood instrumental limitations; undesirable losses of particles in the separation

27 channel, the need to re-equilibrate the membrane, or accumulation of NPs at the
membrane.'” Furthermore, development of analytical methodologies requires special
32 attention during sample preparation and optimization of the running conditions, which
34 have to be focused on certain type of particles and matrices.*®

The aim of this work is to assess the possibilities and difficulties of AF*-ICPMS in
39 the characterization and quantification of TiO, NPs in cosmetic and food products

4l available in the market. The experimental parameters that affect NPs separation and
quantification by AF*-UV/ICPMS are here optimized and discussed. In addition, size
46 distribution results from AF* were validated through transmission electron microscopy
48 (TEM). For the first time, a highly promising approach for quantitative determination of
51 TiO, NPs without the need of additional strategies and avoiding the use of calibration

53 standards of different nature is presented in this work.
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EXPERIMENTAL SECTION
Chemicals and Samples

Standard TiO, NPs dispersions were prepared using rutile TiO, nanopowder (<100
nm particle size) (Sigma, St. Louis, USA). Ti elemental standard solution of 2000 mg/L
(Merck, Darmstadt, Germany) was used to prepare ICPMS standard solutions. Sodium
dodecyl sulfate (98.5%) (Sigma, St. Louis, USA) and methanol (HPLC grade)
(Scharlau,Walkerburn, Scotland) were needed to prepare the carrier solution for the AF*
system. Sodium hydroxide (Panreac, Barcelona, Spain) was used to adjust the pH of the
carrier solution to 8.7. Ultrapure Milli-Q water (Millipore, MA, USA) was used to
prepare standard and carrier solutions. Polystyrene latex standards with diameters of 22,
54, and 100 nm (Postnova Analytik, Landsberg, Germany) were used for AF*
calibration. Nitric acid (HNO3) (65%), hydrofluoric acid (HF) (47-51%) (Merck,
Darmstadt, Germany), hydrogen peroxide (H,05) (35%) and boric acid (H3BO3) (
Panreac, Barcelona, Spain) were used to mineralize the samples. Hexane for defatting
was purchased from Scharlau (Walkerburn, Scotland).
The foodstuffs (sugar glass and coffee cream) and cosmetics (SPF 25-30 makeup and
SPF 10 moisturizing cream) were purchased in the market.
Preparation of Standard TiO, NPs Dispersions

A standard dispersion of TiO, NPs at 1000 mg/L was prepared by dissolving the
corresponding amount of rutile TiO, nanopowder in ultrapure water. To prevent particle
aggregation the dispersion was sonicated in an ultrasonic bath for 10 min. For AF* -
ICPMS analysis, working standards dispersions were daily prepared by diluting the

1000 mg/L standard dispersion in the carrier solution and then tip sonicated for 2 min.
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Instrumentation

An AF2000 asymmetrical flow field flow fractionation (AF*) system (Postnova
Analytik, Landsberg, Germany), equipped with a regenerated cellulose membrane of 10
kDa molecular weight cut-off and a spacer of 350 um, was used in this study. A 200 uL
injection loop was used for sample injection into the AF* system via a Rheodyne
valvule. The AF* channel was connected online to an Agilent Infinity 1260 UV detector
(Agilent, CA, USA) and to a 7700x ICPMS instrument (Agilent Technologies, Santa
Clara, CA, USA), equipped with a cooled Scott-type spray chamber and a slurry
nebulizer. Helium was used as collision gas (4.3 mL/min), and the isotopes *'Ti, *°Ti
and **Rh were monitored. The optimized AF* settings and flows used for separating the
NPs are detailed in Table 1.

For FIA-ICPMS measurements, a PU-2089 LC pump (JASCO, Tokio, Japan), fitted
with a six-port injection valve (Model 7725i, Rheodyne, Rohner Park, CA, USA) with a
100 ul injection loop and peek tube, was needed for offline ICPMS analysis. The outlet
of the peek tube (inner diameter = 0.13 mm) was directly connected to the slurry
nebulizer of the ICPMS system.

A 1000 W MSP microwave sample preparation system (CEM, Matthews, NC, USA)
equipped with temperature and pressure feedback controls and 12 high-pressure vessels
of 100 mL inner volume, operating at 1600 W, was employed for the digestion
processes.

For stabilizing NPs dispersions, a Vibra cell VCx130 ultrasonic processor
(Connecticut, USA) equipped with a titanium 2-mm-diameter microtip and fitted with a
high-frequency generator of 130W at frequency of 20 KHz was used.

An Eppendorf Centrifuge 5804 R (Hamburg, Germany) was used to separate the

hexane fraction from the solid residue after the extraction procedure.
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An Eppendorf Vacufuge plus concentrator (Eppendorf AG, Hamburg) was used to
evaporate the liquid solvent after collecting the fraction from the AF* system in order to
concentrate TiO, NPs for further analysis.

Transmission electron microscopy (TEM) analyses were performed using a JEM
2000FX microscope (JEOL, Tokio, Japan) at 200 kV.

For accurate characterization of TiO, NPs, fractions containing NPs were collected from
the AF* system, concentrated, and analyzed by TEM. Samples were prepared by placing
droplets of dispersion onto a holey carbon film on copper grids.
Microwave Acid Digestion of Cosmetic and Food Samples

Approximately 0.1 g of sample was placed into a double-wallet advanced composite
vessel (ACV) for microwave-assisted digestion. The mineralization consisted of a two-
step process. First, 6 mL of HNO3 (65%), 3 mL of concentrated HF (47-51%), and 1
mL of H,0, (35%) and 1.5 g of H3BO3; were added to the sample. Then, the vessels
were sealed and subjected to microwave digestion. The digested extracts were
transferred to volumetric flasks and diluted to 100 mL with ultrapure water. All
digestions were performed in triplicate.
TiO, NPs AF*-ICPMS Quantification in Extracts from Cosmetic Samples

Two different quantification methods were applied to the TiO, NPs extracted by
applying the procedure of Nischwitz et al. *

Online AF*-ICPMS calibration: External calibration curve was prepared by using
rutile TiO, NPs as standard. Different concentrations were prepared by diluting a
standard dispersion of 1000 mg TiO-/L in the appropriate volumes of the carrier
solution. Before injecting into the AF*-ICPMS system, the dispersions were sonicated
for 2 min using a tip sonicator.

Offline AF*-ICPMS calibration: Sample extracts were injected into the AF*system
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and the fractions corresponding to UV signal of NPs were collected from the
AF’channel. Ti content in each fraction was quantified by FIA-ICPMS using a standard

addition method following two different approaches: a) by spiking several aliquots of

©CoO~NOUTA,WNPE

each fraction with increasing concentrations of Ti elemental standard solution, and b) by
13 spiking several aliquots of each fraction with increasing concentrations of rutile NPs

15 TiO, NP standard dispersion.

In both approaches a 50 pg/L of *Rh solution was used as the internal standard. Data
20 were obtained in Time Resolved Analysis (TRA) mode and signals were integrated as

22 peak area.

27 RESULTS AND DISCUSSION

Optimization of the Parameters Affecting TiO2 NPs Rutile Standard Separation
2 by AF*

34 The separation of NPs by AF* is directly affected by experimental and instrumental
parameters. Concerning this latter, the type of membrane and spacer dimensions

39 play an important role in NPs separations.***°?° In this work, regenerated cellulose

4l (RC) membrane and a 350 um thick spacer were chosen.

44 Regarding carrier composition, parameters such as ionic strength, surfactant agent,
46 and the pH of the carrier solution can affect NP-NP interactions or NPs-membrane

48 interactions. 1”2 %% It has been reported that at low ionic strength conditions TiO,

51 aggregation decreases.™® Thus, preliminary experiments were carried out in presence of
53 0.03, 0.003, and 0.001 mol/L NaNOs. The increase of the ionic strength led to
irreversibly adsorption of large particles onto the membrane (data not shown), and

58 therefore losses in the channel and low recoveries, which was in line with results

60 obtained by other authors.?® For these reasons, the use of electrolytes was discarded in

7
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further experiments. Carriers with pH values between 7 - 9 are often used in AF*, %
Hence, considering that TiO, NPs in rutile phase are stabilized in alkaline solution, %
we decided to use a carrier solution at pH 8.7. We also observed that an improvement in
NPs separations was obtained through the AF* system with the addition of SDS in the
carrier liquid in comparison with water. Three SDS concentrations (0.01, 0.1, and 0.2%
(w/v)) at basic pH were tested using different separation programs (by applying
different cross flow rates and elution modes). By using the lowest SDS concentration,
the most of the injected NPs eluted at 0 mL/min cross flow (A; Figure S-1, Supporting
Information). The increase of SDS concentration prevented non-specific NPs-membrane
interactions and provided a better rutile TiO, NPs standard fractionation. Marked
variations in UV profiles were obtained when the carrier solution contained 0.2% (w/v)
SDS (C; Figure S-1, Supporting Information). This concentration was used for
subsequent experiments. The use of organic solvents in the carrier solution may prevent
TiO, NPs aggregation, improving the resolution of the fractograms.*>? This led us to
use a carrier solution with 0.2% SDS and 3% methanol at pH 8.7

Cross flow is one of the main parameters controlling the distribution of particles
through the membrane and consequently their separation.?”*® We optimized the cross
flow at a constant and gradient elution mode. At high cross flow rate (2 mL/min),
interaction of the NPs with the membrane increased and most of the sample eluted when
the cross flow was at 0 mL/min, as TiO, NPs that were non-specifically adsorbed to the
membrane were released when the cross flow was interrupted (A; Figure S-2,
Supporting Information). The tendency of TiO, NPs to form aggregates larger than 100
nm led us use cross flow rates below 2 mL/min. A cross flow of 1 mL/min did not
improve the fractionation since a high intensity peak at 0 mL/min cross flow was

observed (B; Figure S-2, Supporting Information). On the contrary, the behavior of the

8
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rutile TiO, NPs standard using a cross flow of 0.5 mL/min and a linear decay of the
flow rate in 10 min was promising, but required further optimization (C.1; Figure S-2,
Supporting Information). Considering that the gradient time was not enough to achieve
a complete NPs recovery in the elution step, longer gradient times were tested (C.2,C.3;
Figure S-2, Supporting Information). By applying a 30 min gradient time, the peak
corresponding to residual NPs disappeared and the NPs eluted within a range of 15-32
min (C.3; Figure S-2, Supporting Information). Thus, a 0.5 mL/min rate was chosen as

the optimal cross flow, which was in line with the value reported by other authors.?’

Recovery and Reproducibility Problems of AF* Rutile TiO, NPs Fractionation
Low recovery values could be attributed to undesirable membrane-particle interactions
or insufficient fractionation. Adsorbed NPs can modify the membrane surface charge,
preventing further adsorption. *® In our study, about 5 consecutive injections to stabilize
the membrane before sample fractionation were enough.

The ratio of peak areas of the fractograms and the amount of sample injected was used
as a first assessment of recovery. Initially, we had serious problems in terms of
reproducibility and recovery (A; Figure S-3, Supporting Information). The effect of
methanol concentration change from 3% to 6% to avoid sample loss and/or adhesion of
NPs to surfaces of the devices, including the bottom membrane, was checked. Results
showed that when 6% methanol was used the ratio of peak areas were proportional to
the ratio of the amount of TiO, NPs injected (about r=2) (B; Figure S-3, Supporting
Information). Considering this, we concluded that a 0.2% (w/v) SDS and 6% (v/Vv)

methanol at pH 8.7 was the optimal composition for the carrier solution.

9
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AF*-1CPMS Fractionation of the Rutile TiO, NPs .Confirmation of Size
Distribution by Transmission Electron Microscopy

Using the previously optimized conditions, two peaks were obtained in the
fractograms after the injection of the rutile TiO, NPs dispersion and UV/ICPMS
detection (black line, Figure 1A). The first peak appeared at 5 - 6.5 min and could
correspond on one hand to a residue of the void peak or to a memory effect due to the
deposition of NPs in the focus zone, and on the other hand to low size NPs present in
the dispersion. The second peak appeared at 12 - 32 min, it was quite broad and could
correspond to highly aggregated TiO, NPs.****> To date, obtaining adequate
information on NPs sizes is still an important issue in AF*analyses. *"%°

We constructed a size calibration using polystyrene latex standards of three known
sizes (22, 54, and 100 nm) (gray line, Figure 1A). By assuming that the elution behavior
of TiO, NPs and the latex standards are similar, we estimated that the particles
identified in the first peak had a hydrodynamic diameter below 22 nm, whereas
aggregated particles (higher than 100 nm in size), showing a wide dispersion, eluted at
12 - 32 min. Sometimes, elution times cannot be associated with the real size of the
NPs, e.g., when NPs are aggregated or when other components of the sample interact
with the membrane, slowing down or accelerating the elution time of the particles.

Besides latex calibration standards, electron microscopy was used to determine the
primary particle size and morphology of dry NPs. Fractions corresponding to Peak 1
and Peak 2 were collected and evaporated prior TEM analysis. Comparison of both
methods, particle size obtained by TEM with the average size calculated using latex
standards, showed the following: TEM images corresponding to the narrow Peak 1
revealed the presence of TiO, aggregates of lower size (Figure 1B). However, NPs size

of around 80 nm indicated that the elution time did not correspond to the expected size.
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These results reveal that NPs that eluted earlier, identified in the void peak, correspond
to NPS with a smaller size in comparison with those that eluted later. Aggregates of

around 200 nm (TEM) fit with the broad size distribution (second peak) observed in

©CoO~NOUTA,WNPE

AF*-ICPMS (Figure 1C). Furthermore, an organic substance on the surface of the
13 aggregates was observed, suggesting SDS may adsorb on the surface of the particles,

15 preventing them from interacting.®>*" It is

important to remark that TEM images
obtained from Peak 2 revealed aggregates larger than 200 nm in size, reaching 1 pm

20 approximately (Figure 1D). These findings could indicate the incompatibility between
22 the latex standards used in many size calibration approaches and the rutile TiO, NPs
o5 standard. One explanation for the obtained profile (fractogram) could be the lack of

27 spherical TiO, NPs and their high aggregation state.

Effect of Ultrasound Energy on AF* Recovery

32 Preparation of NPs dispersions for AF* analysis is a critical step, since solvent

34 changes, pH, or even dilutions may affect their agglomeration and behavior. Although
TiO, NPs are not able to separate (themselves) into individual particles regardless the
39 sonication procedure used,* it has been shown that ultrasound energy slightly reduces
4l agglomeration leading to a minimal effect on particle surface charge. In this study, the
44 effect of the type of ultrasound (ultrasonic bath vs ultrasonic probe) on aggregation and
46 the sonication time were optimized. The fractogram profiles obtained with both

48 sonication techniques were quite similar but recovery using the ultrasonic probe (at 40%

51 ultrasound amplitude for 2 min) increased in comparison to the ultrasonic bath (Figure

53 2).
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AF*-1CPMS Quantification of TiO; NPs: Development of an External Calibration
Approach

Possible differences in ionization and transport efficiencies between NPs and their
corresponding ionic species in the mass spectrometer may be a critical question to
achieve a correct quantification. Here, we have developed an external calibration
approach using the rutile TiO, NPs standard. It was observed that the construction of
external calibration graphs was complicated due to its aggregation-dependant response.
External standard calibrations curves were generated after the injection of a series of
rutile TiO, NPs dispersions into the AF* system combined with ICPMS. Standard
dispersions were previously stabilized by placing them in an ultrasonic bath for 10 min
or in an ultrasonic probe for 2 min. The fractograms did not reveal a proportional
increase of Ti*® signal intensity (integrated as peak area) in a concentration-dependent
manner when the ultrasonic bath was used (Figure 3A). On the contrary, when focused
energy was applied, good reproducibility of fractograms, in terms of peak shape and
maximum elution times, was achieved (Figure 3B). The response obtained in a
preliminary calibration approach (using ultrasonic bath sonication) was not linear
(Figure 3C); however, a successful linear plot (R?= 0.9964 and R?=0.9952 for Peak 1
and Peak 2, respectively) and slopes with similar sensitivity were obtained in a second
approach (Figure 3D). These findings prove that tip sonication is more appropriated
than conventional baths for further quantification of TiO, NPs. The adding up of Peak 1
and Peak 2 areas presumably corresponds to the whole injected NPs standard. Since
areas ratio between Peak 2 and Peak 1 were similar in each calibration point, it was
concluded that the amount of rutile TiO, NPs eluted at 5 min represents 14% of the total
mass, whereas the remaining titanium, corresponding to 86%, eluted at 17 - 32 min. In

order to verify these results, fractions from Peak 1 and Peak 2 were collected,
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evaporated, and subjected to acid digestion. The Ti content was determined by ICPMS
and the values obtained were the same as the percentages calculated theoretically (12.5
+ 0.2% and 87.4 + 0.6% for peak 1 and peak 2, respectively). We believe our results are
very promising. A suitable online calibration strategy using rutile TiO, NPs standards
could be of great help for the correct quantification of the TiO, NPs present in samples,
minimizing the risks of getting erroneous information, and without the need of

additional strategies.

AF*-1CPMS Detection and Quantification of TiO, NPs in Cosmetic and Food
Products

Total titanium content in cosmetic and food products were determined by ICPMS
following the procedures specified in the Experimental Section. The concentration of Ti
found in food and cosmetic products are shown in Table 2 (column 2).

Next, TiO, NPs from samples were extracted following the conditions previously
optimized by Nischwitz et al.'®> Extraction efficiency was established by comparing the
amount of titanium obtained by acid digestion and extraction protocol. One difficulty
found when analyzing NPs by ICP-based techniques was the differences in nebulization
efficiencies between NPs and the ionic standard solutions. With the aim of evaluating
the extent of this effect, two external calibration approaches based on registering the
areas of the peaks obtained by FIA-ICPMS with rutile TiO, NPs (Method 1) and ionic
Ti (Method 2) were performed. The sensitivity of Method 2 was almost three times
higher than for the Method 1. This fact corroborated the differences in the efficiency of
nebulization for both species. The Ti concentrations found in the aqueous extracts of the
moisturizing cream using Method 1 (Table 2, column 3) was very similar to the Ti

concentrations previously quantified after acid digestion (Table 2, column 2). These

13
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results prove that the Ti in the sample is present as TiO, NPs (3770 + 24 mg Ti/kg
sample). However, the concentration of NPs in the makeup extracts was lower than the
Ti concentration found in the samples after their mineralization. This could indicate: 1)
that only 54% of the Ti content is present as TiO, NPs (29581 + 1629 mg Ti/kg
sample), and/or 2) a low extraction efficiency due to the presence of organic compounds
and other matrix interferences.

Finally, food samples were treated under similar conditions, but a negligible Ti
signal was detected, probably because TiO, particles were larger than 1 um. Particles of
this size cannot be analyzed by AF* and other techniques such as filtration,
ultracentrifugation and sedimentation should be used.** TEM analysis did not reveal
presence of TiO; in the food extracts, which could be due to the poor sensitivity of this
technique for the Ti levels found in these matrices.

Fractograms of makeup and moisturizing cream extracts showed different particle
size distribution patterns (Figure 4). The NPs present in the makeup samples (with
higher SDF value) had a large particle size than those found in the moisturizing cream
(with lower SPF value), which is in line with the results published elsewhere.™
Differences in elution times may be attributed either to the presence of organic
components or due to the original size of the added NPs. Recovery percentages were
calculated by comparing the Ti concentration in the mineralized moisturizing cream
sample (SPF 15) with Ti concentration in the mineralized fraction collected from the
AF*system (8 - 22 min). An average recovery of 85+4 % was obtained, below 100%
because the first fraction (5 - 6.5 min) was not collected. However, the recovery of NPs
from the makeup samples (SPF 25-30) was very poor (30%), probably due to either the
complexity of the matrix, or the loss of particles in the AF* channel as soluble Ti, and/or

adsorption to the membrane.

14

ACS Paragon Plus Environment



Page 15 of 28

©CoO~NOUTA,WNPE

Analytical Chemistry

TiO, NPs Quantification by Offline and Online AF*-ICPMS Calibration Approach

Development of calibration methods based on the use of standards with similar
properties to that of the NPs present in the samples is of great importance for AF*-
ICPMS analysis. NPs content in the moisturizing cream was calculated using the linear
regression equation generated from the calibration method using the rutile TiO, NPs
standard. An average concentration of 3699 + 145 mgTi/kg sample was determined
(Table 2, column 5). This concentration was similar to the amount of NPs quantified by
FIA-ICPMS analysis and after sample mineralization. Two different calibration
approaches, using offline AF*-ICPMS quantifications were evaluated in order to test the
success of the external calibration method proposed in this work.

For offline quantifications, NPs fractions were collected from the AF* system.
Several aliquots were then spiked with increasing amounts of Ti standards (in form of
rutile TiO, NPs or ionic Ti) into a FIA-ICPMS system. Variations in TiO, NPs contents
in comparison to the results obtained using online calibration were observed (Table 2,
column 6). Standard deviations in offline calibration strategies were higher than in
online methods, particularly when the ionic Ti standard was added. The discrepancies in
the concentrations calculated by offline and online calibration approaches indicates that
the online external calibration method is more suitable for AF*-ICPMS quantification.
This way, possible erroneous data due to differences in the efficiency of nebulization

and sample handling can be prevented.
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CONCLUSIONS

TiO, NPs were successfully characterized and quantified using a hyphenated
instrumental platform consisting of AF*with UV detection and combined with ICPMS.
Besides the optimization of the cross flow rate and carrier composition, the ultrasound
energy methodology used in NPs stabilization seems to be one of the main parameters
controlling fractionation efficiency. The optimized experimental conditions provided a
complete rutile TiO, NPs recovery from the AF* system, avoiding drawbacks due to
non-specific interactions with membrane and NPs losses. A method based on focused
sonication for preparing NPs dispersion followed by an online external calibration
strategy, using rutile TiO, NPs as standards, has been successfully applied. The
developed online calibration method represents a promising approach for quantitative
determination of TiO, NPs in consumer products without the need of additional
strategies or the use of standard calibrates of different chemical nature. Electron
microscopy of rutileTiO, NPs provides very useful information that can be compared

with the characterization provided by AF*-ICPMS.
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Figure 2
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Table 1. Instrumental parameters of AF* system

AF* operating parameters

Spacer height 350 um
Membrane type Regenerated cellulose (RC) with 10 kDa MWCO
Injection loop 200 pL
Carrier liquid 0.2% (w/v) SDS, 6% (v/v) MeOH at pH 8.7
Injection flow 0.2 mL/min
Focus flow 1.3 mL/min
Cross flow 0.5 mL/min
Detector flow 1 mL/min
Injection time 4 min
Elution program 0.6 -

= 05 -

£

Z 04

2 03

o 0.1 -

0

0 5 10 15 20 25 30 35 40
Time (min)

UV detection of TiO> NPs 2=270 nm

UV detection of polystyrene A= 280 nm
latex standards
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Table 2. TiO; quantification in consumer products

Total Ti (mg Ti/kg

Extracted Ti
(mg Ti/kg sample)

TiO, NPs quantification after AF* analysis
(mg Ti/kg sample) , (R (%)) °

Rutile TiO, ionic Ti

Online analysis  Offline analysis

sample), (w/w (%)) NPs standard ©
standard °
Cosmetic products
1 171 e
Moisturizing cream  agee. 139 (0.4040.01) 3770424 1586459  3690+145, (98+d) 306685, (112+18)

(SPF 10)

Makeup
(SPF 25-35)

Food

Sugar glass

Coffee cream

54278+1577, (5.4+0

.2)  29581+1629 11377+625

938+103, (0.09+0.01) n.q n.q

713+47, (0.07+0.01)

n.q n.q

46301447, (12037)

7843+471,(27+1)  9019+180, (31%1)°
94124471, (32+2)f

n.d n.d

n.d n.d

a. Ti concentrations achieved after acid digestion of samples and their corresponding Ti percentages.

b. Ti concentration calculated by FIA-ICPMS analysis using rutile TiO, NPs as the calibration standard (Method 1).

¢. Ti concentration calculated by FIA-ICPMS analysis using an ionic Ti solution as the calibration standard (Method 2).

d. Recoveries calculated by comparing the Ti concentrations obtained by online and offline analysis with the Ti obtained after

aqueous extraction.

e. Ti concentration found in fractions collected from the AF* system. FIA-ICPMS analysis using rutile TiO, NPs as the

calibration standard

f. Ti concentration found in fraction collected from the AF* system. FIA-ICPMS analysis using an ionic Ti solution as the

calibration standard
n.g. Ti not quantified.
n.d. Tinot detected.

The columns indicate mean values + standard deviation (n = 3).
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Figure 1. Overlaid fractograms corresponding to the separation of a mixture of
polystyrene latex standards (grey line) and rutile TiO, NPs standard (black line)
analysis by AF*-UV and AF*-ICPMS, respectively (A). TEM images of rutile TiO, NPs
standard aggregates found in fractions collected from the AF* system. High
magnification images of a fraction corresponding to the broad peak shows numerous
TiO, NPs aggregates of around 200 nm (C), and larger aggregates whose size reached
Ium (D). TEM images of the narrow peak (“void peak’) shows a less pronounced
aggregation state (B). The scale bar represents 200 nm and the magnification of the
images is 40 k.

Figure 2. AF*-UV fractograms showing the effect of ultrasound energy on the recovery
of the rutile TiO, NPs standard.

Figure 3. AF*-ICPMS fractograms obtained after injection of different amounts of the
rutile TiO, NPs standard. The fractograms show the external calibration approach
carried out by using ultrasonic bath (for 10 min) (A) or tip sonicator (for 2 min) (B) in
standard stabilization. Peak 1 and peak 2 magnification are showed below (C and D)
with their corresponding calibration curves.

Figure 4. AF*-1ICPMS fractograms showing the detection of TiO, NPs in samples from

cosmetic products: moisturizing cream (grey line) and makeup (black line).
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DiscusiON INTEGRADORA

El trabajo de investigacion desarrollado en esta memoria presenta una doble finalidad. Por
un lado se han llevado a cabo estudios de bioacumulacién y biotransformacion de Se en
plantas y pescados, con el fin de evaluar el metabolismo de este elemento esencial en
organismos vivos. Por otra parte, se ha abordado la problematica asociada a la falta de
informacidn sobre los efectos bioldgicos de las NPs de Se. Los resultados obtenidos se han
utilizado como base para profundizar en los mecanismos citotoxicos involucrados en la
interaccion entre las NPs y las células. El estudio de esta tematica supuso la aplicacidn de una
plétora de técnicas tanto para la determinacién del Se en forma elemental (ICP-MS), como
para el estudio de los efectos cito téxicos de las NPs (ensayos espectrofotométricos e
inmunofluorescentes, citometria de flujo, microscopia de transmisidn electrénica, y

protedmica cuantitativa)

Paralelamente, y debido a la enorme presencia de las NPs en multitud de productos de
consumo, las investigaciones relacionadas con el drea de las NPs se completaron gracias al
desarrollo de un método analitico basado en el empleo de la técnica AF* acoplada a UV-ViS e
ICP-MS para la caracterizacién y cuantificacidon de éstas. En particular se trabajé con NPs de
TiO,, las cuales aparecen comunmente en la formulacidon de cremas de proteccién solar y
productos cosméticos. Para ello se inicio una linea de investigacion basada en el empleo de

AF*-ICP-MS para la separacién, deteccién y cuantificacion de estas NPs tanto en productos
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alimenticios como en productos cosméticos. Los resultados obtenidos fueron complementados

con los datos proporcionados por la microscopia de transmisidn electrdnica.

A continuacion, se discuten globalmente los resultados obtenidos tras la realizacion de los

diferentes trabajos encuadrados en la presente Tesis Doctoral.

El empleo de alimentos funcionales, enriquecidos en Se, constituye una via muy atractiva
para paliar la posible deficiencia del contenido de selenio en la dieta. Los vegetales
enriquecidos en Se pueden ser una alternativa de gran interés tanto para la alimentacidn
humana como animal. Muchas plantas son capaces de acumular y transformar el Se presente
en los suelos, lo que conlleva a considerarlas unas de las principales fuentes de este elemento
en la dieta. Dada la baja biodisponibilidad de Se en la mayoria de los suelos, se estan
desarrollando programas de biofortificacion destinados a incrementar el contenido de Se en

las plantas para el consumo humano y animal.

Las especies pertenecientes a la familia de las Brassica son capaces de acumular elevadas
cantidades de Se en sus tejidos convirtiéndolas en perfectas candidatas para llevar a cabo
procesos de biofortificacidon. En nuestros estudios se ha demostrado que las especies Brassica
rapa y Brassca napus, dos variedades de colza, son capaces también de acumular elevadas
cantidades de Se en la fraccion proteica de sus semillas (HCD, harina de colza desgrasada) sin

mostrar sintomas de toxicidad.

En estudios realizados por otros autores, se ha observado que la suplementacién con Se
puede conllevar a un aumento en la eficiciencia de produccidn de biomasa y harinas. Sin
embargo, en el trabajo presentado en esta memoria, los diferentes tratamientos de
biofortificacién con Se, aplicado en forma de selenito y seleniato, tanto al suelo como de forma
foliar, no originaron cambios en la produccién de biomasa pero si en la morfologia de las
plantas. En este sentido, se observé la presencia de mas silicuas (referido al fruto seco
deshicente) formando la rama principal, indicando que la disponibilidad o distribucién de los

carbohidratos en el interior de la planta puede alterarse tras el tratamiento con Se.

Los distintos procesos de biofortificacion estudiados en este trabajo se diferencian en dos
condiciones experimentales clave: forma quimica del Se adicionado (selenito y/o seleniato), y
su manera de suplementacion (adicién al suelo de cultivo y/o aplicacion foliar). Los resultados
obtenidos tras los diferentes tratamientos se reflejan en las concentraciones de Se

determinadas en las HCD. Aunque la aplicacion foliar de seleniato fue suficiente para aumentar
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la cantidad de Se en HCD, el mayor efecto en labioacumulaciontivo se observo tras la adicidn

del selenio al suelo.

A pesar de la capacidad de bioacumulacién de las semillas de esta especiesr,, el porcentaje
de Se encontrado en las semillas con respecto a la cantidad de Se inorgdnico aplicado al suelo
de cultivo fue bajo, aproximadamente del 6%. Estos bajos valores de recuperacién difieren de
los encontrados en otros cultivos biofortificados con Se, como en el caso del trigo, donde el
porcentaje de Se en granos estaba dentro del intervalo 25-30%. Una de las principales razones

de esta diferencia puede ser la baja produccién de las semillas en las especies de Brassica.

Para el estudio de la biotransformacién de Se se llevd a cabo una extraccion previa de las
especies mediante hidrélisis enzimatica y posterior determinacion por LC-ICP-MS utilizando
dos columnas cromatograficas (intercambio anionico y fase reversa). A pesar de que se han
llevado a cabo numerosos trabajos para la caracterizacion de especies de Se en muestras
vegetales, conseguir una cuantificacion precisa de las mismas sigue siendo un reto analitico.
Los principales problemas asociados son: la baja eficiencia de extraccién de las especies, asi
como la posible interconversion y degradacién de las mismas durante el proceso de
tratamiento de la muestra. En este estudio, se optimizé una metodologia analitica basada en el
empleo de LC-ICP-MS. El empleo de la extraccidn enzimatica, gracias a la accidn de la enzima
Pronasa E y a la energia de la sonda de ultrasonidos, permitié una extraccién cuantitativa de
las especies de Se en un tiempo de 2 min. La accidn de los ultrasonidos focalizados mejora la
ruptura de proteinas y estructuras complejas y ha sido aplicada con éxito en matrices
vegetales y levaduras selenizadas. El proceso de cavitacidn, acelera las reacciones quimicas
muestra-extractante, ademas favorece la ruptura de la pared celular del tejido, facilitando el
contacto de la muestra y la enzima; resultando en definitiva, en una considerable disminucidn
del tiempo requerido en el proceso y una mayor eficacia para la extraccién de selenoamino
acidos. El principal inconveniente de esta técnica radica en que durante el proceso de
sonicacién se pueden generar radicales activos que produzcan la degradacion de las especies
inicialmente presentes en las muestras. Con el objetivo de evaluar la eficiencia de la
extraccidén, en nuestro estudiose compararon dos metodologias enzimaticas: incubacion a
temperatura controlada o la utilizacion de la sonda de ultrasonidos focalizada. En los perfiles
cromatograficos de los extractos enzimaticos no se observaron diferencias relevantes. Este
hecho demuestra que el uso de la sonda de ultrasonidos focalizada no sélo permite la
extraccién cuantitativa en un tiempo minimo, sino que evita la degradacién o transformacién
de especies. Por otro lado, la identificacion de especies de Se se validé mediante el empleo de

dos columnas cromatograficas con mecanismos diferentes (intercambio anidnico y exclusion
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molecular/intercambio anidnico). El empleo de dichas columnas no solo permitié llevar a cabo
una correcta identificacién de las especies de selenio sino también asegurar un balance

cuantitativo de masas.

Los estudios de especiacién con las especies de Brassica se han focalizado en su parte
aérea, siendo este trabajo, el primero en el que se pone de manifiesto la capacidad de
biotransformaciéon de sus semillas. Los resultados obtenidos de la especiacidon de Se en las
semillas demostraron que las dos formas quimicas, selenito y seleniato, se metabolizan a la
especie SeMet. Los mayores porcentajes de biotranformacion se observaron cuando se
adiciond previamente Se como seleniato al suelo. En concreto, un 85% del Se bioacumulado se
encontré en la forma de este compuesto organico. Un porcentaje similar de SeMet se
encontré en levaduras selenizadas, muy usadas como suplementos en alimentacién. Ademas,
se demostrd que este porcentaje conllevd a un aumento de la actividad de la enzima
antioxidante GSH-Px. La SeMet junto con el Se(VI) han sido también las especies identificadas
en granos de cereal y tubérculos de patata. Sin embargo, en otros estudios realizados en hojas,
flores y raices de muestras de brécoli, ajos, y cebollas enriquecidas, el compuesto de Se
mayoritario fue la SeMeSeCys. La diferencia se debe principalmente a las caracteristicas
acumuladoras o no acumuladoras de las plantas. Los ajos y cebollas pertenecen a la familia
Allium. Esta especie se caracteriza por acumular elevadas cantidades de Se y biotransformarlo
a SeMeSeCys, aminodcido no protedgenico que tiene un papel clave en el proceso de

detoxificacidn de las plantas

La HCD se obtiene tras un proceso de desgrasado de las semillas de Brassica, y por lo tanto
es de vital importancia evaluar posibles alteraciones en la bioacumulacién y biotransformacion
de Se tras la aplicacién de este proceso. La presencia de niveles similares de SeMet en las
semillas y en las HCD implicé que el proceso de desgrasado de las semillas no alteraba las

especies presentes.

Los resultados obtenidos reflejan que los procesos de biofortificacion no sélo son capaces
de aumentar los niveles de Se en los tejidos de las especies de Brassica, sino que proporcionan
un notable aumento del valor nutricional de sus semillas. La HCD enriquecida en Se puede ser
usada como fuente de proteinas en la dietas y ademas puede aumentar significativamente los

niveles de SeMet en rumiantes.
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En esta memoria, los estudios de especiacion de Se no han sido solamente importantes
desde el punto de vista del desarrollo de alimentos enriquecidos en selenio para la
alimentacién animal, sino también para la elucidacion de los mecanismos de tolerancia y
trasporte de Se en vegetales. Se conoce que la tolerancia de Se en plantas esta relacionada
con la sintesis de seleno aminodcidos no estructurales, permitiendo de este modo acumular
elevadas cantidades de Se sin mostrar sintomas de toxicidad. A través de la sintesis de estos
seleno aminodcidos, como la SeMeSeCys, se evita la unién del Se a proteinas y a los sitios
activos de ciertas enzimas. Este tipo de mecanismo esta presente en plantas hiper-
acumuladoras, como Astragalus bisulcatus y Stanleya pinnata, mientras que en plantas no
acumuladoras, la ausencia de estos compuestos hace que los sintomas de toxicidad sean

bastante mas severos al alcanzar ciertos niveles de Se.

La acumulacion de la especie SeMeSeCys estd estrechamente relacionada con una elevada
expresion del gen SMT (selenometiltransferasa). Esta enzima es la responsable de metilar la
SeCys a SeMeSeCys en las plantas hiperacumuladoras. La actividad de la enzima SMT también
estad relacionada con la acumulacién de otras especies como la metilcisteina (MeCys). En
plantas acumuladoras secundarias, como Synallaxis albescens, la principal forma de
acumulacion de Se identificada ha sido la selenocistationa (Se-Cyst), un intermedario

metabdlico entre la SeCys y la SeMet.

Los estudios realizados en la parte aérea de la especie Brassica napus reflejaron que el
metabolismo del Se, a pesar de la elevada capacidad de acumulacién mostrada en sus semillas,
se asemeja al de las especies no acumuladoras o acumuladoras secundarias. Mientras que en
la especie Astragalus bisulcatus, practicamente un 90% del Se se metaboliza a SeMeSeCys
durante sus estados iniciales,en Brassica napus solamente se cuantific6 un 4% de este
compuesto tras 6 horas de tratamiento. Por otra parte, la secuencia del gen SMT reveld una
homologia con las especies no acumuladoras, como Astragalus drummondii, Astragalus
crassicarpus y Astragalus leptocarpus, en las que un residuo de tirosina (Tyr) se encuentra

sustituyendo a un residuo de fenilalanina (Phe) en la posicion 184.

De manera similar a como se ha comprobado con otras plantas acumuladoras secundarias,
la adicion de selenito y seleniato activa la expresion de los genes encargados de la asimilacion
de azufre. Practicamente a las 6 horas de la aplicacion de Se se observé un aumento de 1.5 a 2
veces en la expresion de las enzimas APS (adenosina trifosfato sulforilasa) y SMT. También es
importante comentar que dependiendo de la cantidad y la forma quimica del Se aplicado se

activaron diferentes isoformas de APS.
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La especies organicas identificadas en la parte area de Brassica napus: SeMet, SeOMet y
SeMeSeCys, coinciden con las especies acumuladas en cultivos de trigo biofortificados con Se.
Por el contrario, no se detectaron otras especies como la SeCys, y la SeCys. La SeCys es un
sustrato necesario para la sintesis de SeMeSeCys, por lo que su ausencia puede estar
estrechamente relacionada con los bajos niveles e incluso con la ausencia de SeMeSeCys en
varias de nuestras muestras. Estos resultados sugieren que ni la sintesis de SeCys ni la

metilacion de SeCys son los principales mecanismos de detoxificacidn de Se en Brassica napus.

La SeOMet solo se detectd en las plantas a las que se les adiciond Se de forma foliar. La
SeOMet es un producto de oxidacidon generado por varios factores del proceso analitico:
muestreo, almacenamiento y tratamiento de muestra. En la columna de intercambio anidnico
PRP-X100 esta especie coincide en tiempo de retencién con la SeCys, por lo que fue necesario
el empleo de un mecanismo de separacién cromatografico alternativo, basado en la exclusidn

molecular/intercambio anidnico, para confirmar su presencia.

El Se adicionado al suelo como seleniato se asimilé de forma muy rdpida. Se observé que
tras 6 horas de tratamiento, el 15% del Se total se biotransformé a SeMet en la parte de aérea
de las plantas. Este porcentaje aumentd al 33% tras 14 dias de exposicion. Sin embargo,
cuando la aplicacién de selenito y seleniato se llevd a cabo de forma foliar se observé una

biotransformacion y acumulacién de SeMet menos acentuada.

Al igual que en las semillas y HCD, la SeMet fue la especie mayoritaria en la parte drea en la
Ultima etapa del tratamiento. Una de las razones de los altos porcentajes de SeMet y los bajos
niveles de SeMeSeCys encontrados en la parte drea y en las semillas pueden atribuirse a la
funcién dual de SMT/HMT. La enzima HMT es la responsable de catalizar la transformacién de
S-adenosilmetionina (AdoMet) a Met en el ciclo de la asimilacién del azufre. En las plantas no
acumuladoras, la funcién dual SMT/HMT puede proporcionar un mecanismo alternativo para

la metilacién de SeCys y HoCys, y juega un papel Unico en el metabolismo del S y del Se.

La acumulacién moderada de SeMeSeCys puso de manifiesto que la incorporacién del
exceso de Se a amino acidos no proteicos no es eficiente en este tipo de cultivos y como
consecuencia, se detectd una retardacion en el crecimiento de las plantas. Ciertos valores de
Se pueden causar una reduccidn en el crecimiento de las plantas sin mostrar sintomas de
toxicidad. Estos valores son dependientes de la especie, de la forma quimica del Se aplicado y
también de la disponibilidad del este elemento en el suelo de cultivo. Como se ha mencionado
anteriormente, en nuestros experimentos los tratamientos de biofortificacion resultaron en

una reduccién de la biomasa de las plantas. Esta disminucion puede ser debida a una
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perturbacién metabdlica causada por la rapida acumulacion del Se inorganico en la parte aérea

de las plantas y la biotransformacion de éste a compuestos organicos.

Los estudios de Se no solamente se centraron en las plantas sino también en pescados con
el fin de llevar a cabo un estudio metabdlico de este elemento. Dos de los trabajos
desarrollados en esta memoria se encuadran en un proyecto de colaboracién con el Instituto
Superior de Tecnologias y Ciencias Aplicadas de CUBA. Ambos estan focalizados en los
procesos de bioacumulacion y biotransformacion de Se en la especie Clarias gariepinus. Esta
especie de pescado constituye una de las principales fuentes de alimentacién de la poblaciéon
de la Ciudad de Sagua la Grande, en Cuba. Este pescado posee un elevado contenido de
selenio y se presenta como una matriz muy adecuada para la realizacion de estudios de

especiacion.

Las muestras de Clarias gariepinus fueron tomadas de tres estaciones de muestreo: dos de
ellas localizadas en el rio Sagua la Grande, y la otra en un canal de irrigacion. Una de las
estaciones, localizada en el sur de la ciudad, se encuentra muy préxima a la salida de un punto
de descarga de una planta de cloro-alcali. Ademas de la concentracién de Se, fue importante
determinar los niveles de As y Hg, establecer correlaciones entre los elementos y evaluar el
potencial riesgo que la ingesta de estos pescados supone para la salud de los consumidores.
Para la determinacion de los contenidos totales de llevo a cabo una mineralizacién acida en

horno de microondas y posterior determinacion por ICP-MS.

Los resultados obtenidos pusieron de manifiesto que: mientras que las concentraciones de
As y Hg fueron similares en las muestras tomadas de las tres zonas (encontrandose por debajo
de los niveles tolerables en Cuba respecto a la presencia de estos elementos en los pescados),
los niveles de Se detectados fueron anormalmente elevados, entre 2.3 y 15.5 ug/g, en
comparaciéon con los datos encontrados en la bibliografia para otras especies de agua dulce,
0.21-0.64 pg/g. Ademas, se observaron diferencias significativas respecto a los contenidos de
Se dependiendo de la zona de muestreo. Las concentraciones mas elevadas se encontraron en
las muestras tomadas de la estacion mas lejana a la ciudad, de dificil acceso y menos propensa

a la contaminacion.

En base a la informacion publicada sobre las fuentes de Se en esta zona, no existe evidencia
de ninguna fuente antropogénica que aumente la concentracién de este elemento. Por este
motivo, la hipdtesis de este estudio fue que las elevadas concentraciones de Se encontrados
en las muestras de Clarias gariepinus estaban directamente relacionados con los niveles de

este elemento en el medio acudtico. Sin embargo, son necesarios mas estudios sobre los
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niveles de Se en el ambiente acuatico, rocas y sedimentos de la ciudad Sagua la Grande para

obtener conclusiones definitivas sobre los mecanismos de transferencia de Se.

Se conoce que los pescados son capaces de acumular Se del medio ambiente de una
manera relativamente rapida. La especie Clarias gariepinus incrementa su tamafio en un
tiempo relativamente corto y ademads no sélo se alimenta de pescados, sino también de
pajaros, insectos, moluscos, crustaceos e incluso de plantas de la zona. Cualquiera de estas
fuentes pueden ser el origen de los elevados contenidos de Se encontrados en estos pescados.
De hecho, el tamafio de las muestras también esta directamente relacionado con la diferencia
en las concentraciones de Se, y en esta linea se observd que las muestras de mayor tamaiio

contenian los niveles de Se mas elevados.

El papel antagonista que ejerce el Se frente a la toxicidad del Hg se ha publicado en varios
estudios. De hecho, en algunas muestras de pescado se ha observado que por debajo de
ciertos niveles de Se, las concentraciones de Hg tienden a aumentar. Esta tendencia se han
observado en el estudio realizado. Sin embargo, para poder concluir esta hipdtesis son

necesarios un mayor numero de datos experimentales

Respecto a la calidad de los resultados analiticos, el uso de materiales de referencia
certificados supone una de las alternativas mas adecuadas para contrastar los resultados

obtenidos. Idealmente, el material de referencia seleccionado debe ser muy similar en matrizy

composicion a la muestra objeto de estudio. Para validar las concentraciones de As, Hg y Se en
las muestras de pescado, el proceso de mineralizacidon se aplicd sobre tres materiales de
referencia: CRM-627 (atun certificado para el As), CRM-463 (atun certificado para el MeHg), y
Murst-ISS A22 (crustaceo certificado para el Se). En todos los casos las diferencias encontradas
entre el valor certificado y el obtenido mediante el método de digestién acida no fueron

significativas al nivel de probabilidad del 95%.

En Cuba, los niveles de Se en productos de consumo humano no estan todavia regulados.
Las elevadas concentraciones de Se derivadas de nuestro estudio convierten a la especie
Clarias gariepinus en una matriz interesante para llevar a cabo estudios de especiacion. Debido
a que el Se inorganico puede llegar producir efectos téxicos en los organismos acuaticos, y por
consiguiente en los seres humanos, el conocer la forma quimica en la cual se encuentra el Se

bioacumulado puede resultar de gran interés.

Tal y como se ha comentado anteriormente, para llevar a cabo una correcta identificacion

de las especies es de vital importancia desarrollar métodos analiticos que nos permitan
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obtener eficiencias de extraccion cuantitativas sin modificar la estabilidad de las especies.
Dependiendo del tipo de matriz, esta finalidad puede resultar mas o menos complicada. Las
muestras de pescado se consideran una matriz “problematica”, principalmente debido a su

alto contenido lipidico.

Con el fin de extraer cuantitativamente los seleno-compuestos presentes en las muestras
de Clarias gariepinus, reduciendo el tiempo de los procesos de hidrélisis enzimatica
convencionales, se evalud el efecto de una serie de variables: relacion muestra/enzima, medio
de extraccion, concentracion de urea, han sido evaluadas. En primer lugar, se optimizo la
relacion muestra/enzima (Pronasa E) (2.5:1, 5:1 y 10:1) y el medio de extracciéon (50 mM de
tampon fosfato frente a una concentracion 7 M de urea). Tras la aplicacion de tres
metodologias de extraccion diferentes (extraccion enzimatica asistida por sonda de
ultrasonidos, extraccién enzimdtica asistida por microondas e incubacidon a temperatura
controlada) se pudo constatar que la relacion muestra/Pronasa E 2.5:1, y el empleo de una
concentracién 7 M de urea en el medio de extraccidn fueron las condiciones mas adecuadas.
Las relaciones muestra/enzima evaluadas en este estudio se vieron notablemente afectadas
por el medio de extraccion empleado. En todos los casos, las eficiencias de extraccion fueron
superiores tras la adiciéon de urea a la solucién extractante. Generalmente, el Se en muestras
bioldgicas se encuentra unido a péptidos y proteinas, siendo necesario romper estas
estructuras para obtener una extraccion cuantitativa. La urea se caracteriza por ser un agente
desnaturalizante de proteinas, por lo que tiene sentido que la adicidn de este compuesto en
los protocolos de hidrélisis muestre un efecto positivo en la extraccién de las seleno-especies.
Sin embargo, estas condiciones no fueron suficientes para conseguir una extraccion
cuantitativa, probablemente debido al efecto negativo que pueden ejercer las elevadas
concentraciones de urea sobre la actividad de ciertas enzimas. Otros autores han puesto en
evidencia que el empleo de bajas concentraciones de urea puede hasta triplicar la eficiencia de
extraccion de las especies de Se. Como conclusion, la urea resulté ser un factor clave, y por lo
tanto fue necesario investigar el efecto de su concentracion (1 My 7 M) sobre la eficiencia de
extraccién. Los resultados obtenidos sugirieron la necesidad de llevar a cabo un protocolo de
extraccidn basado en dos etapas. En la primera etapa, el empleo de una concentracién de urea
7 M junto con la accién de la sonda de ultrasonidos fue suficiente para desnaturalizar las
estructuras proteicas. En la segunda etapa, donde tiene lugar la hidrélisis enzimatica mediante
la adicion de Pronasa E, fue clave llevar a cabo una reduccion de la concentracién de urea
hasta 1 M. La optimizacidn de este protocolo nos permitié obtener una eficiencia de extraccién

cercana al 100% en tan sélo 4 min de tratamiento. Nuestros resultados se encuentran en
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concordancia con los estudios realizados por otros autores, en los que una concentracién de

urea apropiada puede aumentar notablemente la extraccién de las especies de Se.

Del mismo modo que en los estudios de especiacion llevados a cabo en las semillas y parte
aérea de Brassica napus, el empleo de la sonda de ultrasonidos supuso una drastica reduccion
del tiempo de tratamiento de muestra de musculo de pescado (4 min frente a los 30 min y 24
h de la extraccidn asistida por microondas e incubacidn, respectivamente), demostrando que

su empleo no afectd a la estabilidad de las especies.

A pesar de conseguir una extraccidon de especies cuantitativa, la recuperacion de especies
tras el analisis cromatografico de los extractos enzimaticos de musculo de pescado mediante
cromatografia de intercambio idnico y fase reversa, y posterior deteccidon por ICP-MS, fue
cercana al 30% respecto al Se total extraido. Este porcentaje correspondié a la especie SeMet,

el Unico compuesto de Se detectado en los extractos enzimaticos.

Los resultados obtenidos en este trabajo estan en consonancia con los aparecidos en la
bibliografia, en los que se publican bajas recuperaciones de Se para distintos tipos de
pescados: 28% para atun, 35% para mariscos, y un 38% para el material de referencia de tejido
de atun BCR-627. La imposibilidad de obtener un balance de masas cuantitativo puede ser
debido a que en matrices marinas, algunos compuestos de Se pueden estar unidos a
estructuras peptidicas que permanecen inalteradas después de la extraccidn enzimatica. Estos
compuestos quedan retenidos en las columnas cromatograficas, dando lugar a bajos valores
de recuperacion de selenio en los pescados. Los analisis de los extractos enzimaticos de los
musculos de pescado mediante SEC-ICP-MS corroboraron esta hipdtesis. En los
cromatogramas se observaron dos picos, uno de ellos identificado como SeMet
(correspondiente al 30% del Se total). Sin embargo, la mayor parte del Se (el 60%) fue
detectada en el otro pico correspondiente a compuestos de mayor peso molecular (5KDa). En
un primer momento se penso que la especificidad de la enzima utilizada no fue suficiente para
romper esta unidn. La aplicacién de una segunda hidrdlisis enzimatica a esta fraccidn, o el
empleo de enzimas generalmente utilizadas en la preparaciéon de hidrolizados de pescados,
como la Alcalasa, no proporcionaron resultados satisfactorios. Estos resultados indicaron que
practicamente el 60% del Se acumulado en Clarias gariepinus se encontraba asociado a
compuestos orgdnicos resistentes a la accion de las enzimas protedliticas. Datos similares han
sido observados en la muestra de Engraulis japonicas (anchoa), donde el Se también se

encontrd unido a compuestos orgdnicos de 5 kDa, diferentes de selenoamino acidos.
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El porcentaje de SeMet fue practicamente el mismo empleando los tres mecanismos
cromatograficos (intercambio anidnico, fase inversa y exclusién molecular). Debido a que era
la Unica especie que se extraia de forma cuantitativa, se procedié a su cuantificacién mediante
dilucién isotdpica de especies especifica. Para ello se empled la aproximacién de ‘exact
matching’ species specific isotopic dilution LC-ICPMS, utilizando "°SeMet como trazador. No
se observaron diferencias significativas en la cuantificacién de SeMet mediante dilucién
isotdpica y el método de adicién estandar empleando los mecanismos de LC convencionales,

2.18 £ 0.04 mg SeMet/kgy 2.0 £ 0.1 mg SeMet/kg, respectivamente.

Como ya se ha demostrado en los trabajos relacionados con la bioacumulacion y
biotransformacién de Se en muestras bioldgicas, una correcta identificacién de las especies de
Se es clave para determinar las funciones bioldgicas de este elemento. Las propiedades
antioxidantes y el cardcter quimiopreventivo de especies como la SeMet y la SeMetSeCys se
han estudiado en numerosas ocasiones. Actualmente, se estd empezando a considerar una
“nueva especie” de Se a la hora de llevar a cabo estudios bioldgicos y de toxicidad. Este
compuesto son las NPs de Se. Hasta el momento, ya han sido varios los autores que han
puesto de manifiesto los prometedores efectos beneficiosos de estas NPs. Sin embargo, son
necesarios mas estudios para profundizar en sus interacciones con los organismos vivos y en
los mecanismos involucrados. Debido a esta necesidad, y por los motivos comentados
anteriormente, la ultima parte de esta Tesis Doctoral se ha centrado en el estudio de las NPs
de Se, y en la evaluacion de sus efectos bioldgicos en la linea celular de hepatocarcinoma

humano HepG2.

La primera etapa llevada a cabo en el desarrollo de este trabajo consistio en la optimizacion
de un método de sintesis de NPs de Se. En muchos trabajos se ha demostrado la importancia
de emplear agentes estabilizantes en el medio de reaccidn con el fin de obtener dispersiones
de NPs estables. Dentro de los agentes estabilizantes mas comunes usados en la sintesis de
NPs de Se se encuentran: los monosacaridos (glucosa), oligosacaridos (sucrosa) y polisacaridos
(chitosan). En nuestro trabajo, las NPs de Se se sintetizaron a partir de una reaccién redox
entre el acido ascérbico y el Na,SeOs;, empleando el polisacarido chitosan (CS) como agente
estabilizante. La seleccion de este agente no sélo se basd en su capacidad para modificar el
tamafio, morfologia, y estado de agregacion de las NPs, sino también sus
propiedadesbiolégicas. En un estudio realizado por otros autores se demostré que la
encapsulacién de selenito en NPs de CS favorecid la asimilacion de éste por parte de las
células, y fomentd sus propiedades antioxidantes. El mecanismo a través del cual el CS evita la

aglomeracién de las NPs es el siguiente: las cadenas de CS estan formadas por numerosos
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grupos hidroxilo y amino. Los grupos hidroxilo se unen a las moléculas de acido ascorbico y el
selenito a través de fuertes enlaces de hidrégeno, quedando de esta forma, las NPs de Se
sintetizadas atrapadas en las cadenas de CS. Por otro lado, los grupos amino se encuentran
cargados positivamente en medio acido, lo que conlleva a una repulsién de cargas entre las
cadenas de CS y por consiguiente a la dispersion de las NPs. La morfologia de las NPs
sintetizadas fue esférica para todos los porcentajes de CS empleados (desde 0.01% a 0.1%). Sin
embargo, la distribucién de tamafios se vio afectada de manera notable. Empleando una
concentracién de CS de 0.1% se consiguio la sintesis de NPs con un tamafo comprendido entre

40-60 nm, y una distribucion de tamafios poco dispersa.

Uno de los principales factores a tener en cuenta a la hora de desarrollar un ensayo in vitro
es la estabilidad de las NPs en las condiciones fisioldgicas empleadas. Las proteinas,
electrolitos y otras sustancias presentes en el medio de cultivo tienden a interaccionar con las
NPs lo que puede dar lugar a una modificacién de su estado de agregacidn, o incluso alterar la
interaccion entre las NPs y las células, afectando a su citotoxicidad. En nuestro caso no se
observé la agregacién de las NPs, ni la oxidacidén de éstas, ya que solo un porcentaje inferior al
0.1% se cuantific6 como Se idnico tras la ultra-centrifugacién de la dispersion y posterior

analisis mediante ICP-MS.

El estudio de la viabilidad celular fue el primer ensayo llevado a cabo para evaluar los
efectos bioldgicos de las NPs de Se. Para ello, las células HepG2 se trataron con diferentes
concentraciones de NPs (en el intervalo de 0.1-20 mg/L) durante dos tiempos de exposicidn
(24 y 48 horas). Los resultados de este ensayo demostraron que las concentraciones muy
elevadas de NPs de Se (10 mg/L y 20 mg/L expresadas como concentracién de selenio)
provocaron una disminucion de la viabilidad celular practicamente del 100%, mientras que las
concentraciones mas bajas (0.1 mg/L) tenian un efecto practicamente insignificante. La
concentracidon de NPs de Se seleccionada en nuestro estudio fue 1 mg/L. Bajo los efectos de
esta concentracion y tras 48 h de exposicién, la viabilidad celular disminuyé aproximadamente
un 30% con respecto a las células control. Ambas condiciones, 1 mg NPs de Se/L y 48 h, se
consideraron adecuadas para evaluar los posibles cambios producidos en la expresion de
proteinas en las células HepG2, y por lo tanto fueron la dosis y el tiempo empleados en todos

los ensayos posteriores.

Una vez evaluada la viabilidad celular, el siguiente paso fue determinar si la reduccidn
observada en la proliferacién celular estaba desencadenada por la muerte celular (apoptosis

y/o necrosis), o por el contrario era el resultado de una inhibicion del crecimiento de las
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células de hepatocarcinoma humano. La citometria de flujo fue la técnica seleccionada para
investigar ambas hipdtesis. Los datos obtenidos no mostraron diferencias significativas entre
los porcentajes de células necréticas y apoptdticas de las células tratadas y las células control.
Sin embargo, si se observaron diferencias respecto al contenido de ADN en las diferentes fases
del ciclo celular (sub-G1, GO/G1, S, G2/M). En concreto, el porcentaje de células en la fase
G2/M, correspondiente a la divisién celular, fue practicamente inexistente en las células

tratadas. Al igual que se ha observado para otras lineas celulares como Hela y MDA-MB-231,

estos resultados sugieren que las NPs de Se inhiben el crecimiento celular de las células HepG2

bloqueando el ciclo celular en la fase S, en la cual tiene lugar la sintesis de proteinas.

Uno de los factores mas relevantes a la hora de determinar la citotoxicidad de las NPs, y
entender los mecanismos bioldgicos implicados, es el grado de asimilacién celular de las NPs.
En muchos estudios realizados in vitro se ha observado que cantidad de NPs que consiguen
atravesar la membrana celular, y localizarse en el interior de las células, esta estrechamente
relacionada con sus efectos citotdxicos. En este trabajo se estudio la asimilacién de las NPs de
Se por parte de las células empleando la técnica ICP-MS y la microscopia electronica (TEM). En
primer lugar se determind el contenido de Se en el medio de cultivo, en la solucién de lavado
(PBS, phosphate buffer saline) vy en las células (pellet) tras la mineralizacion de las muestras.
Los niveles de Se cuantificados mediante ICP-MS mostraron que un 1% del Se adicionado al
medio de cultivo se encontraba en el pellet. Para un analisis mas exhaustivo de la forma
guimica en la que se encontraba el Se (como NPs o como ion), y si éste se encontraba adherido
a la membrana o localizado en el interior de las células, las células fueron observadas por TEM.
Las imagines proporcionadas por la microscopia electrénica nos permitieron detectar NPs de
Se en vacuolas, distribuidas en el citoplasma, y en el interior de organulos como mitocondria y
reticulo endoplasmdatico. Ambos orgdnulos presentan un papel clave en diferentes procesos
celulares: aporte de energia celular, diferenciacién celular y apoptosis. Las mitocondrias son
uno de los orgdnulos mas sensibles a la presencia de sustancias exdgenas. Ademads, en varios
estudios se ha puesto de manifiesto que las NPs localizadas en estos orgdnulos pueden
desencadenar estrés oxidativo y dafios estructurales. Junto con la mitocondria, el reticulo
endoplasmatico es otro de los organulos mas importantes en la respuesta al dafio inducido por

el estrés oxidativo.

Como se ha comentado anteriormente, la presencia de NPs en vacuolas se observd por
TEM. Este hecho, junto con la aparicidn de un elevado nimero de vacuolas en las células
tratadas con respecto a las células control (aproximadamente un 90% de las células duplico el

numero de vacuolas tras el tratamiento con NPs de Se), sugirié que las NPs de Se son capaces
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de atravesar la membrana celular a través del mecanismo de endocitosis (formacién de

invaginaciones en la membrana plasmatica que terminan convirtiéndose en vacuolas).

Con el objetivo de profundizar en las respuestas biolégicas observadas en anteriores
ensayos, se identificaron las proteinas diferencialmente expresadas en las células HepG2 tras
la exposicién a las NPs de Se. Para ello se recurrié al marcaje metabdlico (SILAC) y a la
espectrometria de masas (nLC-MS/MS). De entre todas las proteinas cuantificadas, solamente
se identificaron 41 proteinas de-reguladas debido a la presencia de las NPs. Entre las proteinas
de-reguladas, 21 se encontraron sobre-expresadas y 21 inhibidas. Es importante resaltar los
mecanismos en los cuales estas proteinas estan directa o indirectamente implicadas:
crecimiento y proliferacidn celular, sintesis de proteinas, replicacion de ADN, metabolismo de
acidos nucleicos, modificaciones post-translacionales y muerte celular. Las proteinas de-
reguladas implicadas en los procesos tanto de crecimiento y desarrollo celular, como en la
sintesis de proteinas pueden estar estrechamente relacionadas con el efecto inhibidor que
ejercen las NPs de Se sobre la proliferacidon celular. En este sentido, se profundizé en la
expresion del complejo proteico factor de iniciacion de translacién eucariota (elF3, eukaryotic
translation initiation factor 3). Esta proteina esta formada por 13 subunidades, y se considera
uno de los mayores factores de iniciacion encargado de coordinar la sintesis y degradacion de
proteinas. En este trabajo se identificaron 3 subunidades de elF3 cuya expresion estaba de-
regulada: elF3f sobre-expresada y, elF3m y elF3d inhibidas. La subunidad elF3m se ha
encontrado expresada en varias lineas cancerigenas, y en otros trabajos se ha sugerido que su
sobre-expresidon esta relacionada con la progresidon cancerigena. La inhibicidn de la expresion
de esta subunidad junto con elF3d podria estar directamente relacionada con el efecto

ejercido por las NPs de Se sobre las células HepG2.

Ademas de las subunidades identificadas mediante espectrometria de masas, existen otras
subunidades, como la elF3a y elF3b, cuya expresion también se ha visto incrementada en
algunas lineas cancerigenas. En las células HepG2 tratadas con NPs de Se se investigd la
expresion de ambas subunidades empleando un ensayo de inmunofluorescencia, mostrando
que las NPs de Se son capaces de inhibir la expresidon tanto de elF3a, como elF3b. Este
resultado fortalece la hipdtesis de que el complejo elF3 se encuentra mimplicado en el
mecanismo que explicaria el efecto que ejercen las NPs de Se sobre la células de

hepatocarcinoma humano.

Anteriormente se ha hecho referencia a otra subunidad del complejo elF3, elF3f. Al

contrario que las otras subunidades, las NPs de Se inducen una sobre-expresidon de esta
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subunidad. elF3f es la Unica que se ha encontrado inhibida en la mayoria de las células
tumorales, y se caracteriza por su papel como supresor tumoral en varios tipos de cancer. La
identificacion de esta subunidad sobre-expresada fomenta la idea de que las NPs de Se

podrian actuar como agentes anticarcinogénicos.

Ademas del complejo elF3, se encontraron de-reguladas otras proteinas implicadas en el
estrés celular y la formacién de vacuolas (VAPA, vesicle-associated membrane protein-
associated protein A), en la proteccion frente al dafio oxidativo (HSPA1A/HSPA1B, heat shock
70 kDa protein 1A), y en la supresidon tumoral (CYFIP1, cytoplasmatic FMR1 interacting protein
1).

Los resultados obtenidos empleando la protedmica cuantitativa fueron validados
silenciando (inhibir la expresién de un gen introduciendo en la célulamaterial genético externo
mediante un pldsmido, vector virico u otras herramientas de transferencia) una de la
subunidades elF3 afectadas por la presencia de NPs de Se en el cultivo celular, en concreto la
subunidad elF3b. Los perfiles del ciclo celular obtenidos tras los andlisis de citometria de flujo
de las células silenciadas/transfectadas y de las células tratadas con NPs de Se fueron
similares. Al igual que en el caso de las NPs de Se, la poblacién de células en la fase
correspondiente a la sintesis de proteinas, crecimiento y divisidon celular fue menor respecto a
las células no transfectadas. Esta evidencia apoyd la hipdtesis de que las NPs de Se inhiben la
proliferacién de las células HepG2 induciendo a un bloqueo del ciclo celular mediado por la

proteina elF3.

La capacidad de las NPs de Se para inhibir la proliferacién celular también se demostrd
evaluando el grado de invasidn celular. Las células se cultivaron sobre una matriz (MATRIGEL)
compuesta principalmente por proteinas estructurales y semejantes al ambiente extracelular
de muchos tejidos. En hecho de realizar este ensayo nos permitié observar el comportamiento
de las células asociado a la presencia de las NPs de Se que de otra manera es imposible
observar. Las diferencias observadas entre las células control, las cuales proliferaron formando
ramificaciones, y las células tratadas con 1 ug/L de NPs de Se que permanecieron en el cultivo
de forma individual, demostraron que las NPs de Se no sélo son adecuadas para inhibir la
proliferacién de las células HepG2 sino también para inhibir su capacidad invasiva a la hora de

formar tejidos.
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Tal y como se ha comentado en la INTRODUCCION de esta memoria, la presencia de NPs
estd siendo cada vez mas comun en una amplia variedad de sectores, como medicina, textiles,
cosmética, electrdnica, y alimentos. Uno de los NMs que se usan con mayor frecuencia son las
NPs de TiO,. Entre sus aplicaciones de encuentran: como aditivos y agentes anticoagulantes en
productos alimenticios, y como protectores frente a la radiacion UV en cremas solares y

productos cosméticos.

La obtencidn de informacion sobre el tamafio de las NPs, forma, area superficial, carga y
reactividad es clave para evaluar su toxicidad y comportamiento en el organismo y medio
ambiente. En este sentido, el desarrollo de metodologias que permitan su correcta
caracterizacion y proporcionen informacion cuantitativa sigue siendo una de las necesidades
analiticas mas abordadas. Uno de los trabajos presentados en esta memoria se encuentra
focalizado en esta problematica, en el desarrollo de una metodologia analitica para solventar
las cuestiones relacionadas con la falta de informacion sobre las NPs. Entre todas las técnicas
disponibles (filtracidn, centrifugacion, microscopia, cromatografia, etc...), AF-FFF acoplado a
ICP-MS es una de las mdas prometedoras en el analisis de las NPs, y por lo tanto la seleccionada

en nuestro estudio.

A continuacidn se discuten los resultados observados en los estudios llevados a cabo para la
caracterizacién y cuantificacion de las NPs de TiO, empleando AF-FFF-ICP-MS. En especial, la
influencia de los distintos parametros experimentales e instrumentales durante Ia

optimizacion de la metodologia analitica.

El fraccionamiento de las NPs empleando esta técnica de separacién se encuentra
influenciado por variables como: las caracteristicas de la membrana, dimensiones del
espaciador, composicion de la disolucién “carrier”, y otras condiciones de separacion
(volumen de inyeccion, flujo se separacién aplicado “cross  flow” y tiempo de
inyeccion/focalizacion). Nuestros estudios fueron llevados a cabo empleando una membrana
de celulosa regenerada (RC, regenerated cellulose) de tamafio de poro de 10 KDa y un
espaciador de 350 um de espesor. El motivo de seleccionar este tipo de material reside en su
caracter hidrofébico. La membrana RC se considera menos hidrofébica que otros materiales
como polietersulfona (PES, polyethersulfone) o polifluoruro de vinilideno (PVDF,
polyvinylidene difluoride), y por lo tanto favorece la recuperacidn de las NPs. Las dimensiones
del espaciador deben seleccionarse en funcidn del tamaio de las NPs. Debido a que las NPs de

TiO, tienden a aglomerarse y aumentar su tamafo, se pensd que 350 um seria una medida
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adecuada, ya que se encuentra en el intervalo recomendado para particulas de mayor tamaio

(desde 250 a 750 um).

Respecto a la composicion de la disolucién “carrier”, es muy importante llevar a cabo una
optimizacion de sus diferentes componentes como: fuerza idnica, presencia de agentes
surfactantes, y valor de pH. La influencia de todos estos parametros esta estrechamente
relacionada con las interacciones producidas entre las NPs y la membrana, e incluso con las
interacciones entre NPs. En muchos estudios se ha recomendado la adicidn de electrolitos a la
disolucidn “carrier”. En concreto, el uso de cationes monovalentes como Na® (NaNOj;,
CH;COONa) o NH," (NH,NO;, CH;COONH,), ya que evitan la agregacién de muchos tipos de NPs
en comparacidon con el empleo de cationes divalentes como Ca** (Ca(NOs),). A la hora de
seleccionar un valor de fuerza idnica es importante conocer el tipo de estabilizacién de las NPs.
Las NPs estabilizadas electrostaticamente son mas sensibles al efecto de la accion de ciertos
iones, ya que éstos pueden modificar las fuerzas electrostdticas establecidas entre la NPs y su
recubrimiento. En el caso de las NPs de TiO, se ha demostrado que un valor de fuerza idnica
bajo aumenta la estabilidad de las dispersiones, por lo que en nuestro estudio se decidio
prescindir de la adicion de electrolitos. Paralelamente, también se ha observado que valores
de pH elevados son mas adecuados para la estabilizaciéon de las NPs de TiO, en fase rutilo.

Siguiendo los resultados obtenidos por otros autores, el pH fue ajustado a 8.7.

La optimizacion de todas estas variables fue esencial, sin embargo, el factor clave a la hora
de conseguir una buena eficiencia de separacion fue el uso de agentes surfactantes. En varios
estudios se ha demostrado que el empleo de SDS, FL-70, Triton X-100, o Tween 20 en la
disolucién “carrier”, favorece la separacion de las NPs y proporciona mejores recuperaciones.
Se selecciond un porcentaje de SDS del 0.2% (m/V) para llevar a cabo el fraccionamiento de las
NPs de TiO,. Con esta concentracidon las interacciones con la membrana fueron minimas, al

Ill

igual que la cantidad de NPs que eluian del sistema cuando el “cross flow” alcanzaba el valor
de cero (conocidas como NPs residuales, resultado de interacciones no especificas). Sin
embargo, la adicién de estas sustancias también puede tener un efecto negativo en la
eficiencia de nebulizacién cuando AF-FFF es acoplado a ICP-MS. Este efecto negativo ya ha
sido observado por otros autores que han trabajado con NPs de Au. En estos trabajos se ha
demostrado que el empleo de metanol mejora la eficiencia de nebulizacién de las NPs. En

nuestro estudio, la adicién de metanol también resulté ser eficaz ya que ademds de favorecer

la dispersidon de las NPs de TiO,, su empleo mejoro la resolucién de los fractogramas.
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El “cross flow” es uno de los principales pardmetros que influyen en la distribucién de las
NPs a los largo de la membrana, y por consiguiente es su separacion. Revisando la bibliografia
publicada se puede observar que se han empleado distintos valores de “cross flow”, desde
valores pequefios como 0.3 mL/min, hasta valores mucho mas elevados como 2 mL/min. La
optimizacidn de este parametro instrumental requiere especial atencién, ya que dependiendo
del tipo de NPs los criterios establecidos sobre si un determinado valor de “cross flow” es bajo
o alto pueden variar. En nuestro caso, y al igual que para otro tipo de NPs inorgdnicas, el
empleo de flujos elevados conllevé a prolongados tiempos de retencién y pérdidas de NPs a lo
largo del andlisis. Los mejores resultados se obtuvieron empleando una velocidad de flujo de

0.5 mL/min.

El tiempo de inyeccidén/focalizacién fue el dltimo parametro instrumental optimizado.
Durante esta etapa, las NPs se focalizan en un zona estrecha de la membrana gracias a la
influencia de un caudal denominado de focalizacién. El empleo de tiempos de inyeccién muy
cortos puede dar lugar a picos de “volumen muerto” de mayor intensidad, mientras que
tiempos largos provocan largos tiempos de elucion. Los mejores resultados fueron obtenidos

empleando un tiempo de inyeccion/focalizacion de 4 min.

Uno de los problemas mas discutidos en los estudios relacionados con AF-FFF es la falta de
reproducibilidad y la baja recuperacién de los analisis, debido en gran parte a la existencia de
interacciones NPs-membrana. En estos casos, se requiere una estabilizacion previa de la
membrana. Esta estabilizacion se puede lograr a través de varias inyecciones consecutivas de
la dispersion de NPs hasta conseguir una saturacién de la membrana. De esta manera se
consigue modificar la carga superficial de la membrana y se mejora la recuperacion. En nuestro
estudio, la estabilizacién de la membrana no fue suficiente para evitar los problemas de
recuperacion, que finalmente fueron solventados incrementando el porcentaje de metanol del

3% al 6%.

La correcta determinacidon del tamaio de las NPs es clave a la hora de llevar a cabo su
caracterizacién. Este parametro, relacionado directamente con su posible toxicidad en los
sistemas bioldgicos. Hasta la fecha, obtener la informacidn correcta sobre la distribucién de
tamanfios de las NPs constituye una cuestidn muy relevante en los andlisis mediante AF-FFF.Se
han propuesto diferentes estrategias para conseguir esta finalidad: la aplicaciéon de las
ecuaciones de la teoria de FFF, o el empleo de métodos de calibracion con patrones de
compuestos y/o NPs de tamafio conocido. Sin embargo, ambos métodos pueden dar lugar a

informaciones erréneas ya que no tienen en cuenta posibles cambios en los tiempos de
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elucion debido a las propiedades fisicas o quimicas de las NPs, o a las interacciones NPs-
membrana. En nuestro estudio se ha demostrado que para determinados tipos de NPs, como
es el caso de las NPs de TiO,, el empleo de NPs de tamafio conocido (en este caso, NPs de
latex) no siempre es adecuado, siendo necesario el empleo de otras técnicas como la
microscopia electrénica. Una explicacidn a este hecho podria ser la diferente morfologia entre

las NPs de latex (esféricas) y NPs de TiO,, y el elevado estado de agregacién de estas ultimas.

Entre las diferentes estrategias propuestas para la cuantificacion de las NPs se encuentran:
la cuantificacién off-line mediante ICP-MS de las fracciones recogidas a la salida del sistema AF-
FFF, digestidon acida y posterior andlisis mediante ICP-MS, y anélisis on-line AF-FFF-ICP-MS
usando disoluciones patréon de naturaleza iénica adicionadas a la muestra a través de una T
mezcladora. Este ultimo procedimiento presenta algunos inconvenientes como por ejemplo las
diferentes eficiencias de nebulizacidn entre las NPs y las especies ionicas. Diversos autores han
publicado resultados contradictorios en este tema. Asi, algunos autores han sugerido que se
requiere una mayor energia para la atomizacién de las NPs en comparacidn con sus
correspondientes iones, mientras que otros han puesto de manifiesto que el comportamiento
de las NPs de pequefio tamafio es similar al de los iones. En este trabajo se ha presentado un
método de calibracidn on-line basado en AF-FFF-ICP-MS para la cuantificacién de NPs de TiO..
La novedad de la metodologia presentada ha sido el empleo de dispersiones estandar de NPs
en fase rutilo para construir la recta de calibracion, en lugar de disoluciones de Ti en estado
idnico. En un primer momento, se puede pensar que la modificacion de los métodos de
calibracion propuestos por otros autores puede resultar sencilla. Sin embargo, la elevada
tendencia que caracteriza a las NPs de TiO, para formar agregados convierte a la etapa de
preparacidon de las dispersiones en un paso critico. Se ha puesto de relieve en varias
publicaciones que conseguir la dispersion de las NPs de TiO, en particulas individuales sigue
siendo un reto. En nuestro trabajo se ha comprobado que el tipo de energia de ultrasonidos
utilizada (bafio o sonda), afecta al estado de agregacién de las NPs, y por consiguiente la a
recuperacion de las mismas. El empleo de la energia de ultrasonidos focalizada (durante 2 min
y al 40% de potencia) nos permitié obtener una respuesta lineal, expresada como area de pico,
respecto a la cantidad de NPs inyectada en el sistema, y una buena reproducibilidad respecto a

los tiempos de elucidn y perfiles de los picos.

Durante el desarrollo de esta metodologia analitica, y del mismo modo que en los estudios
de especiacién, fue necesaria la validacién de cada una de las etapas del procedimiento de
trabajo. En este sentido, lo primero que se evalud fue la eficiencia del procedimiento usado

para la extraccion de las NPs de los productos de consumo (crema hidratante, maquillaje,
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azucar glasé y café en crema). La concentracion de NPs extraidas analizada mediante FIA-ICP-
MS se compard con la concentracion de Ti obtenida tras la mineralizacion de las muestras.
Ambos valores fueron muy similares en el caso de la muestra de crema hidratante, pero no en
la muestra de maquillaje. Esto podria ser debido a que no todo el Ti presente en esta muestra
se encuentra en forma de NPs, o por otra parte, a la presencia de compuestos orgdnicos u
otras interferencias de matriz que podrian conllevar a una eficiencia de extraccién de tan sélo
el 54%. Respecto a los productos alimenticios, a pesar del elevado contenido de Ti total
detectado, el andlisis de los extractos mediante AF-FFF-ICP-MS no mostrd la presencia de NPs.
Este hecho probablemente sea debido al tamafio de éstas en este tipo de muestras. Se conoce
que la técnica AF-FFF no es adecuada para particulas o agregados mayores de 1 um, y por lo
tanto son necesarios otros métodos de separacién como filtracion o centrifugacion. En las
imagenes obtenidas mediante TEM tampoco se detecté la presencia de agregados de TiO,, en
las muestras de alimentos probablemente debido a la falta de sensibilidad de esta técnica

respecto a los niveles de Ti encontrados.

Respecto a la validacién del método de calibracion propuesto, no se encontraron
diferencias significativas en las concentraciones de Ti obtenidas tras la digestion acida de las
muestras, en los extractos acuosos analizados por FIA-ICP-MS, y en los extractos acuosos
analizados mediante AF-FFF-ICP-MS, empleando el método de calibracién on-line con

estandares de rutilo.
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CoNcLUSIONES

Las conclusiones mas relevantes de esta Tesis Doctoral se resumen a continuacién:

1. La biofortificacion agrondmica con Se de las especies Brassica napus y Brassica rapa ha
demostrado un elevado potencial de aumentar la calidad nutricional de sus HCD,
caracterizadas por su elevado contenido en proteinas. Practicamente todo el Se asimilado en
las semillas se biotransformé a SeMet, lo que conlleva a un aumento de los niveles de este

compuesto en las dietas animales.

2. El Se es capar de activar las enzimas claves en el mecanismo de asimilacidn del azufre. Su
rapida capacidad para biotransformarse a SeMet dio lugar a una retraso transiente en el
crecimiento de la especie Brassica napus. Los bajos niveles de SeMeSeCys cuantificados en la
parte area y semillas de esta especie, y la mutacidon detectada en la secuencia de la enzima
SMT, cuya actividad es esencial frente a la toxicidad en plantas hiper-acumuladoras, plantean
la volatilizacion de los compuestos de Se como un mecanismo de detoxificacion alternativo

frente a los elevados niveles de Se.

3. Los niveles de concentracion de Hg y As en la especie Clarias gariepinus se encontraban por
debajo de los valores establecidos como téxicos, y por lo tanto no mostraron evidencias de un
posible problema de contaminacidn industrial en la zona de Sagua la Grande, Cuba. Por otro
lado, el hecho de que los niveles de Se fueran mucho mas elevados que los existentes en otros

pescados de agua dulce, demostrdla gran capacidad de bioacumulacién de estos pescados.

4. La extraccidn de las especies de Se de matrices complejas, como son los pescados vy
mariscos, constituye la etapa mas critica en los estudios de especiacion. Se ha demostrado que
optimizacion de la concentraciéon de urea junto a la accidon de la energia de ultrasonidos
focalizada fueron claves para conseguir una extraccion cuantitativa en un tiempo minimo de
tratamiento. El andlisis de los extractos enzimaticos demostréd que la mayoria del Se se

encontraba unido a moléculas resistentes a la accién de las enzimas proteoliticas, y no como
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especies inorganicas. La dilucidn isotdépica de “especies-especifica” permitié validar con éxito

la cuantificacion de los niveles de SeMet presentes en las muestras.

5. Los principales efectos bioldgicos de las NPs de Se en las células de hepatocarcinoma
humano HepG2 se pusieron de manifiesto en la reduccion de la viabilidad celular, y en el
efecto inhibidor sobre |a proliferacion celular y el comportamiento invasivo de estas células.
Las NPs de Se fueron asimiladas por las células a través de un mecanismo de endocitosis y se
detectaron en vacuolas, mitocondrias y reticulos endoplasmaticos. Los analisis de citometria
de flujo revelaron la conclusion mas importante de este estudio. Los resultados obtenidos
pusieron de manifiesto que la inhibicidn de la proliferacidn celular se produjo como resultado
de un bloqueo del ciclo celular en la fase S, y que el complejo proteico elF3 estaba
directamente involucrado en el mecanismo de inhibicién. Este, es el primer trabajo en el cual
se planta un mecanismo a través de cual las NPs de Se ejerce una funcién quimiopreventiva y

quimioterapéutica contra ciertos tipos de cancer.

6. Tras la optimizacién de una metodologia analitica basada en la técnica de separacion AF*
acoplada a ICP-MS para la caracterizadas y cuantificadas de las NPs de TiO,,se demostré que
la aplicacion de la energia de ultrasonidos focalizada a la dispersion de las NPs producia una
mejora de la eficiencia del fraccionamiento y buena reproducibilidad de la recuperacién de
las TiO,NPS. El empleo de la microscopia electrénica permitiéo determinar la distribucién de
tamafios de una manera mds precisa que tras la calibracién con NPs de tamafio conocido. La
conclusién mas importante del método desarrollado, es que el empleo de dispersiones de NPs
de TiO, como estandares de calibracion, permitié una correcta cuantificacion de NPs en las
muestras de crema hidratante sin la necesidad de procedimientos mds tediosos o uso de

disoluciones patrén de naturaleza idnica, que pueden proporcionar resultados menos precisos.
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Anexo |. Trabajos de investigacion relacionados con la tesis. Desarrollo de
metodologias analiticas enfocadas al tratamiento de muestra

La elevada toxicidad de las diferentes formas quimicas del mercurio y su baja concentracion
en muestras bioldgicas hace necesario el desarrollo de métodos analiticos que permitan su
separacion, identificacién y cuantificacion en este tipo de matrices. Como ya se ha comentado
a lo largo de esta memoria, la preparacion de la muestra es una etapa crucial en los estudios
de especiacién, ya que idealmente se deben extraer cuantitativamente las especies
preservando la integridad de las mismas. Por ello, el objetivo del trabajo presentado en este
capitulo (“Approach for rapid extraction and speciation of mercury using a microtip
ultrasonic probe followed by LC-ICP-MS”. Talanta, 82 (2010) 594) fue desarrollar
procedimientos de tratamiento de muestra para la determinacidon de mercurio y sus especies
en muestras bioldgicas. En el presente estudio se presenta un método rdpido y sencillo para la
extraccion de mercurio en muestras de pescados basado en el uso de hidrélisis acidas y
enzimaticas, y la energia de ultrasonidos producida por una micro-sonda. Para la optimizacién
de las metodologias propuestas se han estudiado distintos medios de extraccién
(concentracién de acido clorhidrico, tipo de enzima y relacién sustrato/enzima, adicién de
agentes complejantes de mercurio), y diversos parametros que afectan a la eficiencia de las
extracciones (tiempo de sonicacién, amplitud del ultrasonido y cantidad de muestra). El
contenido de mercurio total se determiné mediante FIA-ICP-MS utilizando como “carrier” una
disolucién con un agente complejante de mercurio, para evitar el conocido “efecto memoria”,
y la cuantificacién de especies se llevd a cabo mediante (RP)LC-ICP-MS. La metodologia
propuesta se validé mediante comparacién de los resultados obtenidos por ambas hidrdlisis

(acida y enzimatica), y con un material de referencia certificado en MeHg (CRM-463, atun).

Como novedad, el método desarrollado se aplico con éxito al analisis de minimas
cantidades de muestras bioldgicas (5 mg). Este hecho supone una enorme ventaja para

aquellos casos en los que se dispone de pequeiias cantidades de muestra.
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Método para una Rapida Extracciéon y Especiacion de Mercurio, Empleando una
micro-Sonda de Ultrasonidos seguido de LC-ICP-MS

“Approach for rapid extraction and speciation of mercury using a microtip
ultrasonic probe followed by LC-ICP-MS”

Talanta, 82 (2010) 594.
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ABSTRACT

A fast method for mercury extraction from biological samples based on the use of HCl leaching
plus different enzymatic hydrolysis (with and without mercury complexing agents), and the use of
focussed ultrasounds (2-mm microtip) is here proposed. Total mercury content in several biological
samples was determined by FI-ICP-MS using a carrier solution consisting of 0.1% (v/v) HCI, 0.1% (v/v)
2-mercaptoethanol, to avoid memory effect, and 0.15% (w/v) KCI. For mercury speciation a RP18 chro-
matographic column coupled to ICP-MS was used. A mobile phase consisting of 0.1% (v/v) formic acid,
0.1% (v/v) HFBA, 2% (v/v) methanol, and 0.02% (w/v) mM L-cysteine at pH 2.1 was used for chromato-
graphic separation of the mercury species in the sample extracts. Extraction procedures were validated
by using 50 mg of tuna fish tissue CRM-463 (2.85+0.16 mgkg~! for methylmercury). The recoveries
obtained were 99 + 3% and 93 & 1% after acid leaching (HCl 7 M) and enzymatic extraction (15 mg pro-
tease type XIV in 2.5% (v/v) 2-mercaptoethanol), respectively. The optimal sonication conditions (5 min
of exposure time and 40% of ultrasound amplitude) were applied to 5 mg of CRM-463 (88 & 5%), 5 mg of
mussel tissue (81 +11%) and to 2 mg of zebra fish embryos (90 & 10%) obtaining good recoveries in all
cases. Methylmecury was found to be the most abundant Hg specie in all samples. The developed method
is simple and rapid (5 min sample treatment); it is suitable for very small samples and does not alter the
original form of the mercury species. Thus, it is of special interest in those cases in which validation of

the results may often be hampered by lack of sample availability.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Inorganic mercury (Hg?*) and monomethylmercury (CH3Hg")
are the two most abundant Hg species generally found in bio-
logical samples [1]. Toxicity, biochemical behaviour and transport
of mercury in the environment are clearly dependent on its
chemical form [2]. In this context, it is well known that organomer-
curial compounds are more harmful than inorganic mercury.
The fact that the latter is biomethylated by aquatic organisms
to form methylmercury is the reason why fish constitutes the
major source of MeHg for humans [3] (predatory species may
preconcentrate 10,000-100,000 times the mercury concentration
in water [4]). The most relevant aspects for bioaccumulation
are fish size and/or fat content [5,6], the protein affinity mech-
anisms [7], and the content of dissolved oxygen in the fish
habitat [8].

Mercury interacts with proteins and enzymes due to its strong
affinity for sulphur, causing organ dysfunction and a devastating
effect on the whole central nervous system of human [11]. In spite

* Corresponding author. Tel.: +34 913945145; fax: +34 913944329.
E-mail address: ymadrid@quim.ucm.es (Y. Madrid).

0039-9140/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2010.05.013

that toxicity of EtHg is lower than that of MeHg, both species cause
similar symptoms [9,10].

Extraction of mercury species from a complex sample is
recognized as one of the most crucial steps before their determi-
nation. A successful extraction procedure for speciation analysis
requires high extraction efficiency, and more importantly, all
original species must keep intact prior to analysis [12]. Various
extraction procedures, such as distillation and acid and alkaline
extraction, have a tendency to form artificial methylmercury from
inorganic mercury during sample preparation [13,14]. To avoid
that acid and alkaline digestion or solvent extraction at mod-
erate temperatures and pH are the methods commonly used to
extract mercury species from biological tissues [15]. The high
affinity of mercury to sulphydryl groups makes L-cysteine and
2-mercaptoethanol two very useful reagents to extract mercury
species in combination with ultrasounds. Several studies have
shown that mercury extraction efficiency increases with increas-
ing concentration of 2-mercaptoethanol [12]. Ultrasound-assisted
extraction has already been shown as a very promising technique
for the extraction of mercury species. In this way, Rio-Segade
and Bendicho [16] developed an ultrasound-assisted extraction
method using 2 and 4mol L-! HCI for mercury speciation in fish
tissues.
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Furthermore, enzymatic hydrolysis has also been used due to
the ability of enzymes to act on specific chemical bonds avoiding
alteration of the chemical forms of mercury [17]. Rai et al. employed
Protease XIV to extract inorganic mercury and methylmercury
species from fish samples [14].

The main aim of this study is the evaluation of the extrac-
tion efficiency of both acid leaching and enzymatic hydrolysis
(with and without 2-mercaptoethanol) assisted by ultrasounds
for mercury determination and speciation in fish tissues samples.
An ultrasonic probe has been selected as it drastically decreases
the extraction time and has successfully been used for enzymatic
hydrolysis of selenium species in a wide range of matrices [18]. The
effect of several parameters affecting mercury extraction such as
acid concentration, ultrasonic amplitude, sonication time, amount
of extractant and sample size (50 and 5mg) have been evalu-
ated.

The optimized enzymatic hydrolysis with 2-mercaptoethanol
have been applied to biological samples including mussels, sword-
fish and zebra fish embryos. The latter are particular relevant
because as living organisms they are considered an excellent alter-
native model for the OECD 305 bioconcentration test, which is
expensive, time consuming and requires the use of at least 108
juvenile or adult fish. These embryos have a similar genetic code to
humans but they are not considered as laboratory animals by the
Directive 86/609/EEC.

Finally, a chromatographic method for separation of mercury
species coupled to ICP-MS have also been developed and validated
using tuna fish tissue CRM-463 as reference material.

2. Experimental
2.1. Instrumentation

Samples for total mercury determination were digested in
doubled-walled advanced composite vessels using a 1000 W MSP
(microwave sample preparation system) microwave oven (CEM,
Matthews, NC, USA). A Vibra cell VCx130 ultrasonic processors
(Connecticut, USA) equipped with a titanium 2-mm-diameter
microtip and fitted with a high-frequency generator of 130 W at
frecuency of 20 KHz was used for extracting mercury species. An
Eppendorf Centrifuge 5804 R (Hamburg, Germany) F34-6-38 was
used for separation of solid residues from the soluble fraction.

A quadrupole ICP-MS Thermo X-Series (Thermo Electron,
Windsford, Cheshire, UK) equipped with a Meinhard nebulizer, a
Fussel Torch, and an Impact Bead Quartz Spray Chamber cooled by
a Peltier system was used for mercury determination. The mass cal-
ibration of the ICP-MS instrument was tuned daily with a solution
containing 1 gL' of Li, Be, Co, Ni, In, Ba, Ce, Pb, Bi and U in 5%
(v/v) HNOs.

The liquid chromatographic system used for mercury speciation
consisted of a PU-2089 LC pump (JASCO, Tokio, Japan) fitted with a
six-port injection valve (model 7725i, Rheodyne, Rohner Park, CA,
USA) with a 100-p.L injection loop and a reversed-phase analytical
column (Symmetry Shield RP;g column, 150 mm x 3.9 mm, 5 pm,
Waters). The outlet of the column was directly connected to the
nebulizer of an ICP-MS system using PEEK tubing (2 =0.13 mm).
The optimal operation conditions and data acquisition parameters
are summarized in Table 1.

2.2. Reagents and materials

All reagents used were of analytical grade. H,0, (35%)
from Panreac and HNOs; (65%) from Merck were used for
acid digestion of samples. Non-specific protease type XIV, 2-
mercaptoethanol, lipase and L-cysteine monohydrochloric (98%)
from Sigma (Sigma-Aldrich, Steinheim, Germany) were used for

Table 1
Operational parameters of the HPLC-ICP-MS system.

Plasma conditions

Foward power 1250W

Plasma gas flow rate 15Lmin~"

Auxiliary gas flow rate 0.73Lmin~!

Nebulizer gas flow rate 0.83Lmin!

Nebulizer Meinhard

Spray chamber Impact Bead Quartz Spray

Measurement parameters

Acquisition mode Time resolved analysis
Isotope monitored 202Hg, 201Hg and 209Hg
Dwell time per point 200 ms

Replicates 3
HPLC conditions

Column Symmetry Shield RP 18 (150 x 3.9 mm, 5 um)
Injection volume 100 L

Column temperature 25°C

Mobile phase 0.1% (v/v) formic acid, 0.1% (v/v) HFBA, 2% (v/v)

methanol, 0.02% (w/v) L-cysteine (pH 2.1)
Isocratic
1Lmin!

Elution mode
Flow rate

enzymatic hydrolysis. A 50 mM Tris-HCI buffer solution at pH 7.5
from Fluka were used as extractant media. For acid leaching, HCI
(37%) from Merck was used.

The carrier solution for total mercury analysis contained KCl
from Riedel-de Haén, HCI and 2-mercaptoethanol.

Heptafluorobutyric acid, formic acid, L-cysteine mono hydro-
clorhidric from Sigma and methanol (Scharlau, Barcelona, Spain)
were used in the chromatographic mobile phases.

Standard solutions were prepared daily by making appropri-
ated dilutions of a methylmercury chloride stock standard solution
of 1000mgL-"! (Alfa Aesar, Karlsruhe, Germany) in methanol (LC
grade, Scharlau) with ultra-pure water (18.2MQcm~!) from a
Milli-Q water purification system (Millipore, MA, USA). This solu-
tion was stored in the dark at —18°C.

2.3. Mercury speciation by HPLC-ICP-MS

Theresulting supernatants from the procedures detailed in Fig. 1
were analyzed by FI-ICP-MS and LC-ICP-MS for determination of
total mercury and its species, respectively. The extracts obtained
were centrifuged at 7600 rpm for 5 min and the supernatants were
filtered through a 0.22 pm membrane before LC-ICP-MS analysis.

Quantification was performed in time resolved analysis mode
and the operating conditions of LC-ICP-MS are summarized in
Table 1.

The most abundant mercury isotope 292Hg was used for data
evaluation and the analytical precision was verified by replicate
measurements (three injections of a single sample). Quantification
was based on peak areas by standard addition method. The dif-
ferent extractions methods reported in this work were optimized
using the certified reference material, tuna fish tissue CRM-463
(2.85+0.16 pg g~ ! methylmercury), from the Community Bureau
of Reference of European Commission (BCR).

3. Results and discussion
3.1. Determination of mercury by ICP-MS: memory effect

Determination of total mercury in biological samples using a
classic wet digestion method followed by ICP-MS suffered from
serious memory effects [12]. Mercury accumulates within the sam-
ple introduction system and it is slowly released over time; thus
increasing the response signals for the same mercury concentra-
tion. This fact results in non-linear calibration curve, need for
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Fig. 1. Scheme showing the different extraction methods used for sample treatment.

long washing times and poor sensitivity [19]. Since the mem-
ory effect can be overcome by the addition of Hg(Il) ligands
[20], a carrier solution containing 0.1% (v/v) HCl, 0.1% (v/v) 2-
mercaptoethanol and 0.15% (w/v) KCl was used with this purpose
in the present study. HCl was added to the carrier solution in order
to maintain the pH at approximately 2, since quantitative anal-
ysis of mercury species in biological matrices is favoured at acid
medium [12].

3.2. Evaluation of the extraction efficiency

Several extraction procedures based on the use of ultrasonic
probe sonication were compared. For this purpose, acid leaching
and enzymatic hydrolysis with and without mercury complexing
reagents (L-cysteine and 2-mercaptoethanol) were used. In order
to optimize the acid leaching, several variables such as concentra-
tion of HCI, 1, 3, 5 and 7 mol L~1, ultrasonic amplitude, 40 and 60%,
and sonication time, 5 and 10 min, were investigated. In the case of
enzymatic extractions several types of enzymes were tested using
the optimal ultrasonic parameters found for acid leaching. Besides
the extraction of mercury species with 15 mg of protease XIV, sev-
eral amounts of lipase were added (0.5% (w/v) and 0.75% (w/v)),
plus different extraction media such as phosphate buffer solution at
pH 7.5 and Tris-HCl buffer solution at pH 7.5. Finally, two mercury
complexing reagents, L-cysteine (0.25% (w/v)and 0.5% (w/v))and 2-
mercaptoethanol (0.5% (v/v) and 2.5% (v/v)) were tested to improve
the extraction efficiency. Extraction procedures were optimised by
using the tuna fish tissue CRM-463 certified for methylmercury. A
summary of the different strategies employed is compiled in Fig. 1.

3.2.1. Acid leaching

Acid hydrolysis is one of the most popular methods for mercury
extraction [17]. Releasing of protein-bound mercury species with
hydrochloric acid has been shown as more efficient than nitric or
acetic acid-based leaching [16]. In general, the extraction efficiency
is essentially governed by acid concentration, sonication time and
ultrasonic amplitude. Thus, four hydrochloric acid concentrations,
1,3,5and 7 mol L', were used for sonication during 5 and 10 min at
40 and 60% ultrasonic amplitude. As it has been commented before,
optimization of the different parameters was performed using tuna
fish tissue CRM-463.

Mercury recovery increases with increasing HCl concentra-
tion obtaining a maximum recovery of 994+ 3% with 7 molL-!
hydrochloric acid (Fig. 2). These results could be due to the reten-
tion of mercury within fish tissue particles at HCL concentration
lower than 7 mol L-1. Regarding exposure time, shorter sonication
periods have a favourable effect on mercury extraction. Recover-
ies were considerably lower at a longer exposure time (10 min) as
compared to 5 min, which may be caused by volatilization of mer-
cury species due to the creation of the oxidative energy during the
sonication process. Thus, 5 min was chosen as optimal treatment
time.

Extraction efficiency decreased with increasing amplitude from
40 to 60% (data not shown) because a high vibrational amplitude
generates a great number of cavitation bubbles in the solution,
which may dampen the passage of ultrasound energy through the
liquid.

Based on these results, the optimal conditions found for quanti-
tative extraction of mercury were 7 mol L~ hydrochloric acid and
5 min of sonication time at 40% ultrasonic amplitude.
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Fig. 2. Effect of hydrochloric acid concentration on the total mercury recovery for
50 mg of sample using 1, 3, 5 and 7 mol L~ HCl as extractant agent at two sonication
times, 5 and 10 min.

Fig. 3. Comparison of the effect of hydrochloric acid concentration on the total mer-
cury recovery for 5 and 50 mg of sample using 1,3, 5 and 7 mol L-! HCl as extractant
agent and a sonication time of 5 min.

One of the advantages of ultrasonic probe sonication is its ability
to handle small amounts of sample in volumes as low as microliters.
For this purpose, the optimised extraction procedure was applied
to 5mg of tuna fish reference material and, as shown in Fig. 3, the
mercury recovery from CRM-463 varying the HCL concentration
was almost independent of the amount (5-50 mg) of sample used.
The recovery of mercury and the precision of the results for 5 mg of
samples, 88 + 5%, were lower than with 50 mg; however, this lower
value could be considered satisfactory as it could be attributed to

Table 2

a lack of homogeneity of CRM-463 when the amount of sample is
too small.

3.2.2. Enzymatic extraction

Quantification of mercury by ICP-MS using HCl as extractant
reagent suffers of several drawbacks: signal depression, changes
in the viscosity of the aspirated solutions, variations on the nebu-
lization efficiency and in aerosol transport [21]. Furthermore, the
use of high concentration of HCl hampers the good performance
of the ultrasounds tip. Thus, besides the almost quantitative recov-
ery achieved with HCl, different enzymatic mixtures following the
procedures detailed in Section 2 were applied. Table 2 shows the
recoveries of mercury obtained using different enzymatic extrac-
tion assisted by ultrasounds. Recoveries for procedures A-D, only
based on enzymatic hydrolysis with protease type XIV, did not
reached 40%. In order to improve this value, the use of additional
enzymes in the extraction medium, Hg complexing reagents and
different conditions were tested: (1) use of lipase enzyme (pro-
cedures C and D), due to high lipid content of the fish samples,
(2) use of buffer solutions at pH close to 7.5 (procedures C, D and
F), for optimal enzyme activity [22] and (3) use of a sulphydryl
reagent (L-cysteine and 2-mercaptoethanol) because its high affin-
ity for mercury. From the results, addition of lipase had a negative
effect on the recovery and was not dependent of the amount added
(Table 2).

Recovery achieved with the addition of 0.25% (w/v) L-cysteine
in aqueous solution or 0.5% (w/v) L-cysteine in buffer solution
at pH 7.5 as mercury complexing reagent (procedures E and F)
was about 40%. This recovery could be improved by adding HCl
to the extraction solution and heating. Hight and Cheng doubled
the amount of mercury extracted with the use of heated HClI,
until reaching quantitative extraction [23]. Other authors have
achieved a quantitative extraction of mercury by using 0.10% (v/v)
HCl, 0.05% (m/v) L-cysteine, 0.10% (v/v) 2-mercaptoethanol mix-
ture [24,25], however, the extraction times needed were higher
than the 5min employed in the method developed in this work.
The use of 2-mercaptoethanol had, as expected, a positive effect
on the recovery. The efficiency increased with higher concentra-
tions. The best recovery (91 4 4%) was obtained when the extractant
contained 2.5% (v/v) of 2-mercaptoethanol and 0.75% (w/v) of
protease type XIV (procedure H). According to De Souza et al.,
a significant increase in mercury recoveries was observed when
using 2-mercaptoethanol instead of L-cysteine [25]. No signifi-
cant improvement in terms of efficiency was obtained neither by
increasing 2-mercaptoethanol percentage (5% (v/v)), nor by apply-
ing a second hydrolysis to the solid residue. According to the data
shown in Table 2, the most suitable methodology for total mer-
cury extraction was the enzymatic extraction using 2.5% (v/v) of
2-mercaptoethanol and 0.75% (w/v) of protease type XIV. Thus,
this procedure was selected for further applications to other fish
tissue samples such as mussel and swordfish. To check the applica-
bility of the method to microsample analysis, mercury extraction
was carried out in zebra fish embryos (sample size about 2 mg),

Extraction of total mercury from CRM-463 (2.85+0.16 wgg~!) using different enzymatic hydrolysis and measured by FI-ICP-MS.

Type enzymatic extraction

Recovery, x +5 (%)

0.75% (w/v) Protease type XIV (aqueous solution)

TOoOmmgnw>»

0.75% (w/v) Protease type XIV (Buffer solution pH 7.5)

0.75% (w/v) Protease type XIV +0.5% (w/v) Lipase (buffer solution pH 7.5)
0.75% (w/v) Protease type XIV +0.75% (w/v) Lipase (buffer solution pH 7.5) 5+1
0.75% (w/v) Protease type XIV +0.25% (w/v) L-cysteine (aqueous solution)

0.75% (w/v) Protease type XIV +0.5% (w/v) L-cysteine (buffer solution pH 7.5)
0.75% (w/v) Protease type XIV +0.5% (v/v) 2-mercaptoethanol (aqueous solution)
0.75% (w/v) Protease type XIV +2.5% (v/v) 2-mercaptoethanol (aqueous solution)

36+ 2
39+ 13
11.0 £ 0.2

40+ 3
41+ 2
80 £1
91+4

2 Average value + standard deviation (n=3).
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Table 3
Results of total mercury measurements by FI-ICP-MS.
Biological sample Acid digestion, Enzymatic Recovery’,
x+s? hydrolysis with 2- x5 (%)
(mgHgkg! mercaptoethanol,
sample) x+s? (mgHgkg!
sample)
Mussel (50 mg) 0.18 £+ 0.02 0.16 + 0.04 89+6
Mussel (5 mg) 0.15 + 0.02 81 +11
Swordfish (50 mg) 0.47 + 0.01 0.39 + 0.02 83+4
Zebra fish (2mg) 4.5+ 06 4.0 +£ 06 90 + 10

" Recovey of total mercury obtained after enzymatic hydrolysis as compared to
acid digestion.
2 Average value + standard deviation (n=3).

incubated with 200 wgL~! of methylmercury, and mussel tis-
sue (sample size about 5 mg). The results obtained are shown in
Table 3. The contents of mercury in samples (even microsamples)
treated by enzymatic hydrolysis were in good agreement with
those obtained by a classical acid digestion treatment. As expected,
the precision of the results when using microsamples (a few mg)
was lower, than that obtained when using higher amounts of
sample.

3.3. Mercury speciation by HPLC-ICP-MS

The results showed before demonstrate the suitability of using
of ultrasonic probe sonication (2mm microtip) for the rapid
and efficient extraction of mercury from fish tissues of different
nature and sample size. However, since species interconversion
caused by ultrasonication has been reported for several authors
[26], the extracts resulting from enzymatic hydrolysis with 2-

Fig. 4. Chromatogram obtained for 50 gL' of Hg?* and MeHg* standards using
reverse phase chromatography and ICP-MS.

mercaptoethanol were analysed by LC-ICP-MS. Based on previous
works published in the literature [27], the chromatographic col-
umn selected was a reverse phase column (Symmetry Shield RP18,
150 mm x 3.9 mm, 5pum) and the mobile phase used contained
0.1% (v/v) formic acid, 0.1% (v/v) HFBA, 0.02% (w/v) L-cysteine
and 2% (v/v) methanol.The addition of 0.02% (w/v) L-cysteine to
the mobile phase was found to be critical in preventing reten-
tion of mercury in the reverse phase column and long tailing
in the ICP-MS [28] chromatographic peaks. As it can be seen
in the elution profiles of methylmercury and inorganic mercury
standards shown in Fig. 4 (using separation conditions given

Fig. 5. Chromatograms of mercury species found in (A) tuna fish CRM-463, (B) mussel, (C) swordfish tissue, and (D) zebra fish embryos using reverse phase chromatography

coupled to ICP-MS.
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in Table 1), separation of Hg species is very fast; it only takes
around 7 min.

Chromatographic analyses were performed on enzymatic
extracts of tuna fish CRM-463, mussel and swordfish tissue and
zebra fish embryos. The chromatograms obtained (Fig. 5(A)-(D))
showed a single peak in each of the evaluated sample, which was
identified (by spiking the extract) as MeHg".

The chromatographic profile of the CRM-463 revealed
that interconversion of methylmercury did not occur during
ultrasound-assisted extraction of mercury species. As expected,
the main mercury specie found in all the analyzed samples was
MeHg*, which is in good agreement with the studies reported
by Cabafiero et al. [29]. This may be explained due to the MeHg
biomagnification phenomena through the trophic chain and the
high affinity of fish intestine wall toward MeHg absorption [30].
Moreover, the selected methods allow extraction of mercury
species in a few minutes from small size samples.

4. Conclusions

Quantitative extraction of mercury has been achieved using
enzymatic extraction (15mg protease XIV) plus 2.5% (v/v) 2-
mercaptoethanol as complexing agent for mercury combined with
the use of a titanium ultrasonic probe of 2 mm. The developed
method is simple and rapid (10 min sample treatment), and no
transformations between mercury species were detected. One nov-
elty of the procedure is its ability to be applied to small size samples,
which is significantly relevant for those cases in which big amounts
of samples are not available or when they are highly valuable.
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Anexo Il

GLosArio DE TERMINOS

AE: intercambio anidnico

AF-FFF: fraccionamiento en flujo con campo de flujo asimétrico
AFM: microscopia de fuerza idnica

BSA: Albumina de suero bovino

CE: Electroforesis capilar

CLM: microscopia con laser confocal

CNTs: nanotubos de carbono

CS: chitosan

DIOs: iodotironina deiodinasa

DLS: dispersiéon de luz dinamica

DMDSe: dimetildiseleniuro

DMSe: dimetilseleniuro

EDS: espectroscopia de rayos X

EPA: Agencia de Proteccion Ambiental

ESI-MS: espectrometria de masas de ionizacidn por electrospray
ESS: eucheuma striatum sulfatada

FC: citometria de flujo

FDA: Administracion de comida y medicamentos

FM: Microscopia de Fluorescencia

GC: cromatografia de gases

GPx glutationa peroxidasa

HG-AAS: espectroscopia de absrocién atémica mediante generacidn de hidruros
HG-AFS: espectroscopia de fluorescencia atémica mediante generacidn de hidruros
H,Se: seleniuro de hidrégeno

HPLC: cromatografia de liquidos de alta eficacia
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ICAT: Cuantificacion y analisis de la expresidn de proteinas mediante marcaje isotépico
ICP-MS: espectrometria de masas con plasma de acoplamiento inductivo

ICP-OES: espectrometria de emisién dptica con plasma de acoplamiento inductivo

ID: yodotiroina deyodinasa

IDA: analisis por dilucion isotdpica

IP: ioduro de propidio

iTRAQ: Cuantificacién y analisis de la expresidn de proteinas mediante marcaje isobarico

MALDI-TOF: espectrometria de masas de tiempo de vuelo con desorcidn/ionizacidon laser
asistida por matriz

MALLS: [dser multi-dngulo de dispersion de luz

MDA: malondialdehido

MeHg: metilmercurio

MTT: 3-(4,5-dimetiltiazol-2-il)-2,5-difenilltetrazolio de bromo

QDs: Quantum Dots

ROS: especies reactivas de oxigeno

RP: fase inversa

SEC: cromatografia de exclusién molecular

Se(VI): seleniato

Se(IV): selenito

SeCys: selenocisteina

SeCys,: selenocistina

SEM: microscopia electrénica de barrido

SeMeSeCys: selenometilselenocisteina

SeMet: selenometionina

SeO,: dioxido de selenio

SDS-PAGE: electroforesis en gel de poliacrilamida desnaturalizante
SILAC: marcaje isotdpico estable de los aminoacidos en cultivo celular

TEM: microscopia electrénica de transmisién
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TMSe": trimetilseleniuro

TRx: tioredoxina reductasa

348



	INDICE
	SUMMARY
	PRESENTACIÓN DE LA MEMORIA
	INTRODUCCIÓN
	OBJETIVOS DEL TRABAJO DE INVESTIGACIÓN
	PARTE EXPERIMENTAL
	REGULAR ARTICLE. Agronomic biofortification of Brassica with selenium
	Levels of arsenic, mercury and selenium in Clarias gariepinus from Sagua la Grande River, Cuba
	Bioanalytical strategies for in-vitro and in-vivo evaluationof the toxicity induced by metallic nanoparticles
	REVIEW. Selenoproteins: the key factor in selenium essentiality.State of the art analytical techniques for selenoprotein studies
	Selenium nanoparticles inhibit in-vitro invasiveness and induce eI F3-mediated cell cycle arrest
	Prospects and Difficulties in TiO2 Nanoparticles Analysis in Cosmetic and Food Products Using Asymmetrical Flow Field-Flow Fractionation Hyphenated to an Inductively Coupled Plasma Mass Spectrometry

	DISCUSIÓN INTEGRADORA
	CONCLUSIONES
	ANEXO I
	Approach for rapid extraction and speciation of mercury using a microtipultrasonic probe followed by LC–ICP-MS

	ANEXO II


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


