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ARTICLE INFO ABSTRACT

Keywords: Nephrotoxicity is one of the most limiting side effects in oncologic patients treated with cisplatin and is still
Selenium nanoparticles clinically unresolved. In this work, chitosan-stabilised selenium nanoparticles (Ch-SeNPs) and selenomethionine
S?lenor.nethionine (SeMet) have been evaluated as nephroprotectors of cisplatin using renal proximal tubule epithelial cells
lil:gliar;l;rotection (RPTEC/TERT1) as a model. Moreover, the antineoplastic efficacy of cisplatin co-administered with these
Mass spectrometry selenocompounds has been tested in cervical cancer cells (HeLa). Cell viability, cell localisation of Ch-SeNPs and
Chromatography changes in the morphology and cell ultrastructure, Pt and Se cellular internalisation and cisplatin binding to

DNA, and speciation of Pt and Se in the cytosolic extracts were evaluated by MTT assays, transmission electron
microscopy coupled to energy dispersive X-ray spectroscopy (TEM-EDS), inductively coupled plasma mass
spectrometry (ICP-MS), and both size exclusion chromatography (SEC) and anion exchange chromatography
(AEC) coupled to either ICP-MS or UV-Vis. Differences in the pharmacological activity of the two selenospecies
were observed. SeMet exerted a moderate protection on kidney cells while reducing their degree of cisplatin
intracellular accumulation and DNA binding in both cell lines, but the antitumour effect of cisplatin was not
significantly altered. Conversely, Ch-SeNPs did not impair the Pt-drug uptake or DNA binding in any cell type;
and even increased its antitumour effect, which might enable using lower doses of cisplatin without loss of
anticancer efficacy, which would result in decreased risk of renotoxicity. Furthermore, cells incubated either
with SeMet or SeNPs showed higher levels of selenoproteins, which might enhance cellular defences against the
reactive oxygen species (ROS) involved in cisplatin renotoxicity. Hence, both selenocompounds are envisioned as
potential coadjuvants to reduce the risk of kidney impairment in future treatments with cisplatin.

1. Introduction

One of the current challenges in oncology research is focused on the
improvement of chemotherapy based on cisplatin (cis-diamminedi-
chloridoplatinum(II)), which exerts a cytotoxic effect based on the for-
mation of crosslinked DNA-Pt adducts, being effective against a wide
number of solid tumours [1,2]. However, diverse side effects may be
developed, being renal toxicity the most treatment-limiting factor. In
fact, around 30 % of cisplatin-treated patients end up presenting acute
kidney injury, which forces the interruption of the therapy [3]. The
problem originates when the drug is excreted through urine resulting
from renal blood filtration [2]. Pt mainly accumulates in kidneys during
this process, causing renal damage which especially affects epithelial
cells of S-3 segment of the renal proximal tubules [4-6].

* Corresponding author.

Different alternatives have been assayed in the last decades to avoid
or ameliorate cisplatin-induced nephrotoxicity and enhance its clinical
efficacy. Second and third generation Pt(I)-based drugs were devel-
oped, such as carboplatin, oxaliplatin, picoplatin, satraplatin, nedapla-
tin, lobaplatin or heptaplatin. More recently, polynuclear Pt(II)
complexes, Pt(IV) prodrugs or nanosystems for delivery of Pt-drugs have
been developed as well. However, only carboplatin and oxaliplatin have
been approved worldwide for clinical use, and cisplatin is still irre-
placeable for the treatment of several types of tumours [1,7]. On the
other hand, numerous potential nephroprotective agents have been
evaluated, not only considering their protective effect, but also the
preservation of the antineoplastic effect of the Pt-drug [8,9]. However,
none of the different tested agents have been yet approved for clinical
use [10].
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Several selenocompounds have been tested as nephroprotectors,
taking advantage of their antioxidant properties. A protective effect was
observed when selenomethionine (SeMet) was co-administered with
cisplatin in mice and rats, due to the formation of a Se-Pt complex be-
tween these compounds, leading to a decrease in the amount of
DNA-cisplatin adducts in kidney [11,12]. More recently, selenium
nanoparticles (SeNPs) are gaining increasing interest for biomedical
research especially due to their potential for antitumour, antibacterial
and antifungal applications [13-15]. The employment of capping agents
provides SeNPs with higher stability and lower diameters, facilitating
their cellular internalization [14-16]. Moreover, functionalized SeNPs
have also been tested as vehicles for drug delivery and cellular detoxi-
fication, including nephroprotection during cisplatin treatment [13,15].

In this work, the potential of two Se species —chitosan-stabilized
SeNPs (Ch-SeNPs) and SeMet- as nephroprotective agents for cisplatin
therapies, has been evaluated using two different cell lines as a model for
renal and cancer cells: human telomerase reverse transcriptase-
immortalised renal proximal tubular epithelial cells (RPTEC/TERT1)
and human cervical carcinoma cells (HeLa). Se and Pt metallomics
studies were also performed to determine their correlation with the
biological effects observed in the in vitro models.

2. Materials and methods
2.1. Standards and reagents

All solutions were prepared with ultrapure water obtained with a
Milli-Q water purification system (Merck Millipore, Bedford, MA, USA),
unless otherwise stated. All the chemicals and solvents employed were
of analytical grade. Cisplatin, sodium selenite, sodium selenate, DL-
selenomethionine (SeMet), seleno-L-cystine ((SeCys)2) and seleno-
(methyl)selenocysteine (MeSeCys) hydrochloride were purchased from
Sigma-Aldrich (St. Louis, MO, USA). For the synthesis of SeNPs and the
preparation of cisplatin solutions, ascorbic acid (Scharlab, Barcelona,
Spain), deacetylated chitosan from shrimp shells (Sigma-Aldrich, St.
Louis, MO, USA), glacial acetic acid and sodium chloride (Panreac
AppliChem, Barcelona, Spain) were employed. Nitric acid (65 %,
Scharlab, Barcelona, Spain) and hydrogen peroxide (33 %, Panreac
AppliChem, Barcelona, Spain) were used for digestions of nanoparticles
and cell pellets. Triton X-100 (Sigma-Aldrich), tris-thydroxymetyl)-
aminomethane (Tris) (Sigma-Aldrich, St. Louis, MO, USA), hydrochloric
acid (37 %, Scharlab, Barcelona, Spain), ethylenediaminetetraacetic
acid (EDTA) (Merck, Darmstadt, Germany), sodium fluoride (Panreac
AppliChem, Barcelona, Spain), magnesium chloride (Merck, Darmstadlt,
Germany), protease inhibitor cocktail (complete Ultra Tablets, Mini,
EDTA-free, EASYpack) (Roche, Basel, Switzerland) and protease type XIV
from Streptomyces griseus (Sigma-Aldrich, St. Louis, MO, USA) were used
to prepare buffers for cell lysis and enzymatic hydrolysis of protein ex-
tracts. Ammonium hydrogen carbonate and citric acid (Sigma-Aldrich,
St. Louis, MO, USA), ammonia (33 %, Panreac AppliChem, Barcelona,
Spain) and methanol (Scharlab, Barcelona, Spain), were employed for
the preparation of chromatographic mobile phases. For ICP-MS analysis,
1000 mg L! standard solutions of Se, Pt, Y, Ir (Merck, Darmstadt,
Germany) were used. For cell culture, Dulbecco’s Modified Eagle’s
Medium (DMEM), fetal bovine serum (FBS), antibiotics (pen-
icillin-streptomycin solution, 100 units/mL), phosphate buffered saline
(PBS) and trypsin/EDTA solution (0.25 %:0.1 %) were acquired from
Gibco (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA).
Trypan Blue solution (Sigma-Aldrich, St. Louis, MO, USA) was used for
cell staining, while MTT (3-[4,5-dimethylthiazol-2-yl1]-2,5 diphenyl
tetrazolium bromide) (Sigma-Aldrich, St. Louis, MO, USA) and dimethyl
sulfoxide (DMSO) (Scharlab, Barcelona, Spain) were employed for MTT
assays.
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2.2. Synthesis and characterization of Ch-SeNPs

Synthesis of Ch-SeNPs was carried out according to a modified
version of the method described by Bai et al. [17]. Briefly, 10 mL of an
aqueous solution of 0.5 % (m/v) chitosan, previously filtered with a
nylon syringe filter with a diameter of 0.45 pm, were mixed with 4.93
mL of 0.35 M ascorbic acid and 5 mL of 0.96 M acetic acid, with mag-
netic stirring. Then, 1.35 mL of 0.1 M sodium selenite were slowly
added, drop by drop, to the mixture. Colour changed instantly to strong
red due to a fast formation of colloidal selenium. The solution was
completed to a final volume of 45 mL with water, and 5 min later the
stirring was stopped. Finally, synthetized Ch-SeNPs were dialysed
against 1.5 L of Milli-Q water for 3 h, changing the dialysis medium for
fresh water after every hour. The dialysis tubing cellulose membranes
employed, with a MWCO of 14 kDa and an inner diameter of 25 mm,
were acquired from Sigma-Aldrich (St. Louis, MO, USA). Dialysed Ch-
SeNPs solution was stored at 4 °C. Se content in the synthesised SeNPs
was quantified following the same procedure for sample acid digestion
and ICP-MS analysis as described in Section 2.6.

Ch-SeNPs were characterised by TEM-EDS (Transmission Electron
Microscopy-Energy Dispersive X-ray Spectroscopy) analysis using a JEM
2100 microscope (JEOL, Tokyo, Japan). SeNPs solutions were sonicated
for 10 min in an ultrasonic bath to favour deagglomeration of particles,
prior to their deposition onto copper grids covered with a holey carbon
film. Then, Ch-SeNPs were analysed at 200 kV to obtain information
about their morphology, size and chemical composition. Size distribu-
tion histograms for Ch-SeNPs were constructed after measuring di-
ameters for more than 100 different nanoparticles, employing the image
processing program ImageJ (https://imagej.nih.gov/ij/).

2.3. Cell cultures and exposure to cisplatin, SeMet and Ch-SeNPs

HelLa and RPTEC/TERT1 cell lines were obtained from ATCC
(Manassas, VA, USA) and Evercyte (Vienna, Austria), respectively.
RPTEC/TERT1 were grown in ProxUp medium (Evercyte), while HeLa
required DMEM medium supplemented with 10 % (v/v) FBS. In both
cases, a mixture of antibiotics (penicillin-streptomycin solution, 100
units/mL) was added to the culture medium. After cell seeding in P100
Petri dishes (Corning Inc., Corning, NY, USA), cultures were maintained
in a CO5 incubator (Thermo Fisher Scientific, Waltham, MA, USA), at
37 °C and 5 % CO,. Exposure to cisplatin, SeMet, Ch-SeNPs and sodium
selenite was done once a cell confluence higher than 70 % was achieved.
In the case of the Pt-based drug, it was dissolved in 0.9 % NaCl solution
prior to its use, as it was also done for SeMet and sodium selenite. The
dispersion with Ch-SeNPs was sonicated for 10 min using an Elmasonic
S60 ultrasonic bath (Elma, Singen am Hohentwiel, Germany) before
their addition to the culture media. Finally, cell plates were indepen-
dently exposed to cisplatin, SeMet, Ch-SeNPs and sodium selenite, or co-
incubated with the Pt-drug and either SeMet or Ch-SeNPs, at concen-
trations of 9 mg L™! for cisplatin and 5 mg L™ for each selenocompound
(referred as elemental Se). Control samples were also prepared for
comparative purposes. Incubations were maintained for 24 and 48 h. To
monitor and photograph cell evolution, an AE31 Elite inverted micro-
scope equipped with a Moticam 3000 camera (Motic, Hong Kong, China)
was employed.

2.4. Determination of cell viability by MTT assays

To quantify the degree of cytotoxicity after treatments with cisplatin
and the selenocompounds, MTT (3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide) assays both for HeLa and RPTEC/TERT1
were done. Firstly, 50,000 cells per well were seeded in flat bottom 96-
well plates (Thermo Fisher Scientific, Waltham, MA, USA). After 24 h,
cells were exposed to the agents at the concentrations indicated in
Section 2.3, for 24 and 48 h (200 uL/well). Five replicates were pre-
pared for each experiment. Finally, 50 uL of a solution containing 2 mg
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mL~! MTT in PBS were added in each well. Plates were incubated for 4 h
at 37 °C. Finally, culture media were discarded and DMSO was added
(100 pL per well) to dissolve formazan crystals, and the absorbance at
595 nm of each sample was determined after 15 min incubation with a
Sunrise microplate reader from Tecan (Mannedorf, Zurich, Switzerland).
Cell viability results (%) were obtained from the ratio between absor-
bance values of control and exposed cells.

2.5. Microscopy study of cell ultrastructure

Changes in the cell ultrastructure of HeLa and RPTEC/TERT1 after
the 24-hour treatments described in Section 2.3 were assessed by TEM-
EDS analysis. Culture media were discarded and attached cells were
washed three times with PBS, prior to cell harvesting through trypsini-
zation, and cell pellets were recovered by centrifugation at 230 x g, 4 °C
with a 5804 R centrifuge (Eppendorf, Hamburg, Germany). The cell
pellet was resuspended in a fixing solution (1 mL) containing glutaral-
dehyde (2.5 %, v/v) and p-formaldehyde (4 %, v/v) in PBS, and incu-
bated at 4 °C for 4 h. Once fixed, cells were centrifuged at 230 x g, 4 °C
with a 5415 R microcentrifuge (Eppendorf, Hamburg, Germany),
washed three times with PBS, and stored in the same buffer at 4 °C
overnight. The next step was an incubation with osmium tetroxide (1 %,
v/v) for 1 h at room temperature in the dark, followed by three washes
with Milli-Q water. Progressive dehydration of cells was achieved by
successive 15-min incubations with acetone:water solutions with
increasing proportion of acetone (Scharlab, Barcelona, Spain), from 30
to 100 % (v/v). After this, cells were incubated similarly with Spurr
resin:acetone mixtures with increasing proportion of resin between 25
and 100 % (v/v). Finally, cells were resuspended and incubated in pure
resin at 70 °C for 48 h, in open tubes. The resulting resin-embedded cells
were cut into ultrafine slices with an ultramicrotome, stained with
uranyl acetate and chrome citrate, and placed onto copper grids before
their TEM-EDS analysis with a JEM 1400 microscope (JEOL, Tokyo,
Japan).

2.6. Determination of intracellular Se and Pt content by inductively-
coupled plasma mass spectrometry (ICP-MS)

Se and Pt intracellular contents were determined in Hela and
RPTEC/TERT1 cells exposed to cisplatin and/or SeMet or Ch-SeNPs for
24 or 48 h (three replicates for each case), as indicated in Section 2.3.
Cells were washed three times with PBS and incubated 5 min with 0.25
% trypsin/0.1 % EDTA solution to detach cells. 10 pL of the resulting cell
suspension were mixed with 10 uL of Trypan blue solution and measured
with a Countess II automated cell counter (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA) to estimate the number of cells in each
culture (> 5 x 10° in all cases). After centrifugation, supernatant was
discarded and the pellet was washed with PBS.

Cell pellets were microwave-digested with a 3:1 (v/v) mixture con-
taining 65 % HNOs3 and 33 % H305, using a MARS microwave digestion
oven equipped with Xpress PTFE vessels (CEM Corporation, Matthews,
NC, USA). The program applied was: initial 20-min ramp temperature
until 130 °C, 15-min heating at 130 °C, and final progressive cooling.
Before their direct nebulization analysis by ICP-MS, digested samples
were diluted with water to decrease the content of HNO3 below 2 % (v/
v). A quadrupole Agilent 7700x ICP-MS (Agilent Technologies, Santa
Clara, CA, USA) was used using the operating conditions listed in
Table 1. To quantify Se and Pt in samples, external calibration with
aqueous standards was employed, in the range of 0.5-200 pg L™! for Se
and 0.05-20 ug L™ for Pt. Y (1 pg L) and Ir (1 pg L) were also added
as internal standards, respectively, for matrix effect correction. Results
were calculated as the mass of Se or Pt (fg) per cell.

2.7. Determination of Pt bound to nuclear DNA by ICP-MS

Nuclear DNA was extracted and purified from cell pellets obtained as
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Table 1
Instrumental parameters employed for ICP-MS, SEC and AEC analysis.

ICP-MS settings (Agilent 7700x)

RF Power

Plasma gas flow rate
Auxiliary gas flow rate
Carrier gas flow rate
Peristaltic pump rate
Nebulizer

1300 W

12 mL min! (Ar)

1 mL min ™' (Ar)

1 mL min~! (Ar)

0.1 rps (for direct nebulization analysis)
Conikal (Meinhard)

Spray chamber Scott

Acquisition mode - Spectrum (for direct nebulization analysis)

- Time resolved analysis (TRA) (for chromatography)

- Analytes: Se (76, 77, 78, 82), Pt (194, 195)

- Internal standards: Y (89), Ir (191, 193) (only for direct
nebulization analysis)

100 ms

Isotopes monitored

Dwell time

SEC (Size Exclusion Chromatography) conditions

Chromatographic Superdex 75 10/300 GL SEC column (3-70 kDa) (300 x
column 10 mm id, 13 pm particle size)

Mobile phase 50 mM ammonium hydrogen carbonate (pH 8.4)

Elution mode Isocratic

Flow rate 0.8 mL min~!

Injection volume
Wavelenght for
absorbance

100 pL (SEC-ICP-MS) or 20 uL (SEC-UV/Vis)
280 nm (only for SEC-UV/Vis)

AEC (Anion Exchange Chromatography) conditions

Hamilton PRP-X100 Anion Exchange HPLC column

Chromatographic (250 x 4.1 mm id, 10 pm particle size)
column
Mobile phase 10 mM ammonium citrate, 2 % methanol (pH 5.0)

Isocratic
1 mL min
100 pL

Elution mode
Flow rate
Injection volume

1

described in Section 2.3, employing a PureLink™ Genomic DNA Mini Kit
from Invitrogen (Thermo Fisher Scientific, Waltham, MA, USA),
following the manufacturer’s manual. Cells were resuspended in PBS,
lysed with Proteinase K, and incubated with RNAse A to degrade re-
sidual RNA. The DNA-containing lysate was mixed with ethanol and a
binding buffer, and then purified with a silica-based spin microcolumn
with selective binding to DNA. Once washed with two different washing
buffers, DNA was finally eluted using 100 pL of the elution buffer. Then,
purity and concentration of isolated DNA were measured with a Nano-
Drop One microvolume UV-Vis spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA, USA). The content of DNA-bound Pt was
determined through ICP-MS analysis, as described in Section 2.6. Re-
sults were calculated as the mass of Pt per mass of DNA (ug g 1).

2.8. Speciation study of cytosolic Se and Pt by liquid chromatography
(LC) coupled to ICP-MS and UV/Vis

2.8.1. Extraction of cytosolic fraction from cells and analysis by size
exclusion chromatography (SEC) coupled to ICP-MS or UV/Vis

Cytosolic fractions were obtained from cell pellets of 24-hour cul-
tures prepared as observed in Section 2.3. Cell pellets were washed and
lysed with 100 uL of a buffer containing 1 % Triton X-100, 0.5 M NaCl,
20 mM Tris-HCl (pH 8.0), 10 mM EDTA, 50 mM NaF, 5 mM MgCl, and a
protease inhibitor cocktail (one tablet per 10 mL of buffer). Subse-
quently, lysates were kept in ice, sonicated with a Vibra-Cell™ VCX 130
ultrasound probe (Sonics & Materials Newtown, CT, USA), applying 20
pulses/sample (2 s “on” and 5 s “off”) and 40 % of amplitude. Samples
were incubated for 15 min in a Thermomixer compact shaker (Eppendorf,
Hamburg, Germany) at 4 °C and ultracentrifuged (13,000 rpm, 4 °C, 10
min). The supernatant, where most cytosolic proteins are present, was
kept at —20 °C until analysis.

Extracts were analysed by SEC-ICP-MS or SEC-UV/Vis, to register
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both cytosolic biomolecules containing Se and Pt and protein profile.
Aqueous solutions of cisplatin and various Se species (selenite, selenate,
(SeCys)s, MeSeCys, SeMet and Ch-SeNPs) were also measured for
comparative purposes. Samples were injected directly for SEC-ICP-MS
analysis whereas a previous 1:4 dilution with mobile phase was done
in the case of SEC-UV/Vis.

Chromatographic separation was achieved with a Superdex 75 10/
300 GL SEC column (3-70 kDa) from Amersham Biosciences (GE
Healthcare, Little Chalfont, Buckinghamshire, UK) and a delivery system
consisting on a PU-2089 Plus HPLC pump (Jasco, Tokyo, Japan),
equipped with an injection valve (Rheodyne, IDEX Health & Science,
Rohnert Park, CA, USA) and a 20 pL or 100 pL sample loop for SEC-UV/
Vis and SEC-ICP-MS, respectively. In the first case, the detection was
carried out with a MD-2018 UV/Vis spectrophotometer (Jasco, Tokyo,
Japan) at a wavelength of 280 nm. Table 1 shows the main conditions
and instrumental parameters used for SEC-UV/Vis and SEC-ICP-MS
analysis. Calibration of the chromatographic column was also done by
SEC-UV/Vis measurements of a series of proteins and peptides with
different molecular weights acquired from Sigma-Aldrich (St. Louis,
MO, USA): transferrin (79.5 kDa), bovine serum albumin (66 kDa),
carbonic anhydrase (29 kDa), myoglobin (16.7 kDa), cytochrome c
(12.4 kDa), aprotinin (6.5 kDa) and coenzyme B12 (1.55 kDa).

2.8.2. Enzymatic hydrolysis of cytosolic extracts and Se speciation analysis
by anion exchange chromatography (AEC) coupled to ICP-MS

Cytosolic fractions were obtained from cell pellets as described in
Section 2.8.1 without including protease inhibitors in the buffer. Ex-
tracts were mixed 1:1 with a pH 7.0 solution of 800 mg L ™! protease type
XIV from Streptomyces griseus in a TAE buffer containing 40 mM Tris, 20
mM acetic acid and 1 mM EDTA, measuring the resulting pH with a pH-
meter BASIC 20 (Crison Instruments, Barcelona, Spain). The samples
were incubated at 37 °C for 24 h, with continuous agitation (300 rpm) in
a Thermomixer compact shaker (Eppendorf, Hamburg, Germany). For
AEC-ICP-MS measurements, hydrolysed extracts were injected without
dilution into a PRP-X100 column equipped with a column guard
(Hamilton, Reno, NV, USA). The instrumental parameters used are
indicated in Table 1. To identify Se species, standard aqueous solutions
of selenite, selenate, SeCys,, MeSeCys, SeMet, oxidised SeMet (SeOMet)
and SeNPs were analysed in parallel. Species confirmation was per-
formed by spiking the extracts with the standard Se-compounds. SeOMet
was obtained by mixing an aqueous solution of SeMet 1:4 (v/v) with
H»0; followed by 40 min shaking.
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2.9. Statistical analysis

Statistical analysis was applied to the cell viability and the intra-
cellular Pt and Se data, where all the measurements were performed in
quintuplicate and the results expressed as the mean value + the stan-
dard deviation. One-way analyses of variance (ANOVA) and two tailed t-
tests with 95 % of confidence level were performed, employing the
Analysis ToolPak of Microsoft Excel Professional Plus 2019 software.

3. Results and discussion
3.1. Characterization of synthesized Ch-SeNPs

TEM-EDS analysis of the dispersion obtained after the Ch-SeNPs
synthesis described in Section 2.2 showed the presence of Se in the
form of spherical and non-agglomerated particles, with an average
diameter close to 40 nm (Fig. 1), which is in the size range of most of the
nanoparticles found in the literature with efficient cellular uptake [18].
Ch-SeNPs remained disaggregated at least one month after their syn-
thesis. Furthermore, no changes were observed in their sphericity, size
and aggregation degree after being added to the culture media employed
for cell experiments (data not shown), confirming the stabilising effect
of the polysaccharide chitosan [15,19]. ICP-MS analysis of the SeNPs
suspension provided a concentration of 195 & 10 mg Se L™} (n = 5).

3.2. Cell viability assays to evaluate the nephroprotective potential of
SeMet and Ch-SeNPs against cisplatin

RPTEC/TERT1 and HeLa were employed as models of renal and
cancer cells, respectively, with the aim to evaluate the potential neph-
roprotective effect of SeMet and Ch-SeNPs while maintaining the anti-
tumour activity of cisplatin.

First, the biocompatibility of SeMet and Ch-SeNPs was evaluated in
the absence of the Pt-drug, and compared with selenite (Se(IV)) as a
reference compound with well-known antioxidant and antitumour effect
[20]. A Se concentration of 5 mg L~ was used in all cases, incubating
cells at 24 and 48 h. Cell viability results from MTT assays and micro-
scope images of the corresponding cultures can be seen in Figs. 2-4,
respectively. No relevant damage was found in RPTEC/TERT1 after
SeMet or Ch-SeNPs exposure up to 48 h, neither in the percentage of
viable cells (Fig. 2a) nor in their appearance (Fig. 3a-c). On the contrary,
although SeMet does not cause a relevant effect in HeLa cells, some
decrease in viability after the first 24 h of incubation with Ch-SeNPs was
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Fig. 1. Results obtained from TEM-EDS analysis of synthetised Ch-SeNPs: EDS spectra with the elemental composition of the particles (a); TEM images showing size,
morphology and aggregation degree of the particles (b); histograms of particle diameter distribution constructed after measuring the size of more than 100 nano-

particles (c).
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observed (Fig. 2b), in accordance with the expected anticancer potential
of SeNPs [14-16].

Thereby, these particles may selectively attack tumour cells as re-
ported in previous works where not only the antineoplastic potential of
SeNPs but also their effect over renal cell lines such as HK-2 and HEK-
293 was evaluated [21-23]. The higher secretion of acid compounds
due to the altered metabolic activity of cancer cells [24] could be an
important factor in this regard, as it would favour the pro-oxidant
behaviour of SeNPs, leading to ROS increase and higher cell death
rate. In contrast, they would act as antioxidants in healthy cells, showing
a beneficial redox duality [13-15]. On the other hand, SeNPs could
arrest cell cycle at the S-phase just before mitosis [25], a circumstance
that would have more incidence for tumour cells due to their faster
proliferation. Regarding the use of selenite, it produced a high degree of
cell death in both cell types, being more than 50 % and 75 % for RPTEC/
TERT1 and HelLa, respectively, after 48 h of exposure (Fig. 2a, 2b). This
confirms the lower toxicity and higher biocompatibility of organic

selenospecies such as SeMet, as well as SeNPs, compared to inorganic Se
(IV) [13-15].

The nephroprotective potential of SeMet and Ch-SeNPs was evalu-
ated by measuring cell viability under exposure to 9 mg L™} cisplatin
alone or combined with 5 mg L' of each of the selenocompounds
(expressed as Se content), simultaneously monitoring possible changes
in the antitumour efficacy of the Pt-drug. Cisplatin concentration was
selected according to previous works, in order to produce a significant
mortality which allowed assessing the potential protective effect of the
tested compounds [26]. MTT results (Fig. 2¢, 2d) indicated that the
incubation with the Pt-drug caused an increasing cell mortality over
time. The damage was especially severe for HeLa, showing a viability
lower than 40 % after 48 h, being half the value corresponding to
RPTEC/TERT1 at the same incubation time. Cisplatin toxicity was also
observed in micrographs (Fig. 3a-e and Fig. 4a-e), as it provoked an
increase in cell detachment, worsen contact between adherent cells and
altered their normal shape, being these effects more acute for HeLa.
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RPTEC/TERT1

Fig. 3. Inverted microscope images at 10x magnification obtained from 48-hour cultures of RPTEC/TERT1: control cells (a); cells treated with Ch-SeNPs (5 mg L™! of
Se) (b); cells treated with SeMet (5 mg L1 of Se) (¢); cells treated with sodium selenite (5 mg L1 of Se) (d); cells treated with cisplatin (9 mg L1 (e); cells treated
with cisplatin (9 mg L) and Ch-SeNPs (5 mg L™ of Se) (f); and cells treated with cisplatin (9 mg L™!) and SeMet (5 mg L™ of Se) (g).

Hela

Fig. 4. Inverted microscope images at 10x magnification obtained from 48-hour cultures of HeLa: control cells (a); cells treated with Ch-SeNPs (5 mg L1 of Se) (b);
cells treated with SeMet (5 mg L~! of Se) (c); cells treated with sodium selenite (5 mg L7t of Se) (d); cells treated with cisplatin (9 mg L) (e); cells treated with
cisplatin (9 mg L) and Ch-SeNPs (5 mg L~ ! of Se) (f); and cells treated with cisplatin (9 mg L) and SeMet (5 mg L' of Se) (8.
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On the other hand, when cisplatin was combined with SeMet,
viability in renal cells increased compared to the cultures with the Pt-
drug alone (84 % and 69 % at 48 h, respectively) (Fig. 2¢). This con-
firms the protective potential previously reported for SeMet, which may
be related to a partial deactivation of cisplatin due to the formation of
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complexes with SeMet [11,12]. In the case of HeLa cells (Fig. 2d), co-
administration of cisplatin with SeMet showed no significant effect on
the antitumour efficacy of the Pt-drug.

The employment of Ch-SeNPs on cisplatin-treated RPTEC/TERT1
cells produced no significant changes on the viability and morphology

RPTEC/TERT1

Fig. 5. TEM images of cell ultrastructure obtained from 24-hour cultures of RPTEC/TERT1 (a-d) and HeLa (e-h, i-0): control cells (a, e); cells treated with cisplatin (9
mg L1 (b, f); cells treated with Ch-SeNPs (5 mg L, expressed as Se concentration) (c, g, i-0); cells co-administered with Ch-SeNPs (5 mg LY and cisplatin (9 mg
LY @, h. Images i-o show different locations (red circles) of Ch-SeNPs after being administered to HeLa cells: vacuoles (i, j); mitochondria (k); lysosomes (1);
nucleus (m); plasma membrane, cell fragments and exosomes (n, o). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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shown by cells treated with cisplatin alone (Fig. 2¢ and Fig. 3e, 3f). In
contrast, a significant increase of HeLa mortality took place when the Pt-
drug was co-administered with Ch-SeNPs since the first 24 h of incu-
bation (around 15 %) (Fig. 2d), suggesting a synergistic effect between
the antineoplastic activity of the two agents. Cell viability was also
quantified in HeLa cells exposed for 24 h to different concentrations of
the Pt-drug (3-9 mg L™1) alone or in the presence of Ch-SeNPs (5 mg
L™Y), being always lower in the second case (Fig. 2e). For example,
taking as reference the cytotoxic effect produced with 9 mg L™ cisplatin
(viability of 65 %), this was comparable to that observed with the co-
incubation with Ch-SeNPs and 7 mg L~ of the Pt-drug. This repre-
sents about 20 % reduction in cisplatin dose for the same antitumour
effect. Thus, the concomitant application of both agents could allow
lower drug doses without loss of treatment efficacy as well as a
decreased risk of kidney impairment.

3.3. Analysis of cell ultrastructure after the exposure to cisplatin and
selenocompounds

For a better understanding of the effects of the selenocompounds and
cisplatin inside RPTEC/TERT1 or HeLa cells, their morphology and
subcellular structure were also studied by TEM-EDS analysis in 24-h cell
cultures, as described in Section 2.5. The micrographs obtained are
shown in Fig. 5. After cisplatin incubation, a significant number of cells
presented a slight increase in the amount of endosomal vacuoles
compared to control samples, regardless of the cell line considered
(Fig. 5a, 5b 5e, 5f). This may result from an overstimulated autophagy
which could be explained both as a mechanism of resistance or a pro-
apoptotic factor [27]. Regarding the plasma membrane integrity, se-
vere damage was observed in different HeLa cells (Fig. 5f) with exten-
sive cell fragmentation, as a sign of advanced apoptosis, while RPTEC/
TERT1 remained mostly unchanged (Fig. 5b). This may be related to the
potential of cisplatin to alter the fluidity, permeability and structure of
cell membranes through interactions with lipids and proteins [28]. Cells
treated with SeMet alone or combined with cisplatin (data not shown)
showed no significant vacuolisation or plasma membrane damage,
demonstrating its ability to revert the cisplatin-induced autophagy
(Fig. 5a, 5b 5e, 5f), in agreement with the recovery of cell viability in
RPTEC/TERT1 shown in Section 3.2.

On the contrary, incubation with Ch-SeNPs had a strong impact on
cell ultrastructure, giving rise to the formation of multiple and large
cytoplasmic vacuoles both in RPTEC/TERT1 and Hela (Fig. 5c, 5g).
Furthermore, the internalization of Ch-SeNPs by both cell lines was
observed, reaching different subcellular organelles, such as vacuoles
(Fig. 5i, 5j), mitochondria (Fig. 5k), lysosomes (Fig. 51) and nucleus
(Fig. 5m). Some Ch-SeNPs were also present within the plasma mem-
brane, cell fragments and exosomes (Fig. 5n, 50). This is in agreement
with the endocytosis pathway typically associated with the cellular
uptake of SeNPs, transfer to organelles and removal by exocytosis
[13,15,16]. It is worth noting the low amount of nanoparticles observed
within the cells compared to the number of vacuoles, which were empty
in most cases (Fig. 5i, 5j). This might suggest that most of the intern-
alised Ch-SeNPs were released from cells after the 24-hour incubation or
transformed into ionic Se or other selenospecies, thus not being longer
visible by TEM. Besides, not all the vacuoles formed after SeNPs expo-
sure may be involved in their capture and intracellular transport but also
in further autophagic or osmotic processes [29,30].

When cells were simultaneously exposed to Ch-SeNPs and cisplatin,
less internalized particles were found and the number and size of vac-
uoles also decreased regardless of the cell line considered (Fig. 5d, 5h).
No signs of a higher release were observed in terms of Ch-SeNPs present
in extracellular fragments, so their lower amount may be result of a
decreased uptake related to the alterations in plasma membrane after
cisplatin treatment [28]. Although the effect of the Pt-drug on the
internalization of SeNPs has not been described yet, it could have some
similarities with other known mechanisms altered by this compound.
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Cisplatin is able to impair the receptor-mediated endocytosis of proteins
through inhibition of vacuolar H'-ATPase [31], thus it could be thought
to decrease as well the internalization of SeNPs since this process may be
limited by inhibiting ATP synthase [15]. Nevertheless, the activity of
internalised Ch-SeNPs was still noticeable, as death rate in Hela
increased when both agents were added to the cultures (Section 3.2).

3.4. Determination of Se and Pt intracellular content

Se and Pt internalisation was evaluated by ICP-MS analysis in
RPTEC/TERT1 and HelLa cells after 24 and 48-h exposure to SeMet, Ch-
SeNPs and their co-administration with cisplatin (Fig. 6). The exposure
to both selenocompounds increased the intracellular content of Se
(Fig. 6a, 6b) compared to control samples in both cell lines. These re-
sults are in agreement with those previously reported for HeLa, A375
and K562 cancerous cell lines incubated with SeNPs or SeMet [21,32].
Se content was almost double for cells exposed to Ch-SeNPs compared to
SeMet, despite the fact that SeMet is considered one of the selenospecies
with higher cellular internalisation [32].

HeLa was the cell line with the lowest Se uptake after 24 h (130 fg Se
cell™! for Ch-SeNPs, and 65 fg Se cell ! for SeMet), being about 50 % of
the internalisation found in RPTEC/TERT1 regardless of the seleno-
compound employed (Fig. 6a, 6b), which may be related to less efficient
endocytic mechanisms in the tumour cells.

The co-administration of cisplatin with both selenocompounds led to
a significant reduction in Se uptake (Fig. 6a, 6b), especially for HeLa.
RPTEC/TERT1 internalised 12 % and 48 % less Se in 24-hour cultures
with Ch-SeNPs and SeMet, respectively, whereas Se levels decayed 62 %
and 46 % for cancer cells, with a higher decrease after 48 h. This might
be explained by a deleterious effect caused by the Pt-drug on cellular
mechanisms involved in the internalisation of Se compounds, as sug-
gested in Section 3.3, and the formation of complexes between SeMet
and cisplatin and their further excretion [12]. Despite this reduced up-
take, both Ch-SeNPs and SeMet are able to exert a pharmacological
action over cells, in agreement with cell viability assays described in
Section 3.2.

Regarding Pt analysis, higher intracellular content was found for
RPTEC/TERT1 compared to HeLa cells (Fig. 6¢, 6d). When cisplatin was
supplied alone, kidney cells presented a similar Pt level after 24 and 48 h
(59 and 54 fg Pt cell "}, respectively), while it dropped more than 50 %
for HeLa (from 46 to 21 fg Pt cell ). Hence, saturation uptake may be
achieved during the first 24 h in both cell lines, although a significant
reduction in Pt content occurred for HeLa after that time.

Moreover, Pt was also determined in nuclear DNA, the main target of
cisplatin, showing values almost 20 % higher in HeLa (Fig. 6e, 6f), in
consonance with their worse ability to repair damaged DNA. No sig-
nificant differences were observed between cultures of 24 and 48 h, thus
the formation of Pt-DNA adducts seems to reach its maximum in the first
day of incubation, with no evidence of DNA recovery after 48 h. This is
in agreement with the evolution shown for the total Pt content in
RPTEC/TERT1 but not in HeLa, where the accumulation of cisplatin
strongly decreased after 48 h (Fig. 6d). This may be explained by the less
efficient mechanisms for DNA repair in cisplatin-sensitive cancer cells
[33], which would have higher dependence on alternative resistance
mechanisms such as the modulation of membrane transporters to
decrease drug accumulation. In fact, resistant tumour cells have been
demonstrated to internalise the Pt-drug to a lesser extent than the
parental ones [34,35], and they are also able to enhance its efflux [36].
Although HeLa cells showed reduced Pt cellular uptake, their survival
rates were lower than RPTEC/TERT1 (Section 3.2), thus confirming the
higher impact of the amount of Pt-DNA adducts on the pharmacological
effect rather than the total intracellular content of the drug [4].

The values of intracellular Pt after the simultaneous treatment with
Ch-SeNPs did not significantly change regardless of the cell line (Fig. 6¢,
6d). The same was found during the measurement of Pt bound to DNA
(Fig. 6e, 6f), demonstrating that the presence of SeNPs had no influence
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Fig. 6. Values of Se and Pt determined by ICP-MS in 24- and 48-h cultures of RPTEC/TERT1 (a, c, €) and HeLa (b, d, f): intracellular total content of Se (fg Se/cell)
after exposure to Ch-SeNPs (5 mg L' of Se) or SeMet (5 mg L~! of Se) alone or combined with cisplatin (cisPt) (9 mg LhH (a, b); intracellular total content of Pt (fg
Pt/cell) after exposure to cisplatin (9 mg L) alone or combined with Ch-SeNPs or SeMet (5 mg L~! of Se in both cases) (c, d); content of Pt-bound to nuclear DNA
after exposure to cisplatin (9 mg L) alone or combined with Ch-SeNPs or SeMet (5 mg L~! of Se in both cases) (e, f). Control cells presented contents of Se and Pt
lower than the LOD (26 fg Se/cell and 0.2 fg Pt/cell), as it also occurred with Se content in cells treated only with cisplatin and with Pt content in cells treated only
with selenocompounds. Values are represented as the average + the standard deviation (n = 3). Statistically significant differences were considered when p-value

was lower than 0.05: p < 0.05 (*), p < 0.01 (**) and p < 0.005 (***).

on the internalisation of cisplatin and its further binding to DNA, a
critical aspect to preserve its anticancer action. Conversely, the co-
administration of SeMet in the first 24 h induced a clear decrease in
cisplatin uptake (near 30 %) and Pt-DNA binding (near 45 %) in both
cell lines (Fig. 6¢-f). The total content of intracellular Pt continued
decreasing after 48 h in the presence of SeMet (Fig. 6¢, 6d), but the
amount of Pt bound to DNA remained almost the same after 24 and 48 h
(Fig. 6e, 6f). Thus, SeMet promotes a lower accumulation of the Pt-drug
inside cells which also leads to a lower platination degree in DNA. This is
in agreement with the findings of Garcia-Sar et al. [12], which reported
lower levels of Pt in the kidneys of rats co-treated with cisplatin and

SeMet, as well as a reduced number of Pt-DNA adducts. They also
observed an increase in the Pt excreted into urine and the presence of Pt-
SeMet complexes, which could act as drug scavengers to prevent its
cellular accumulation. Thereby, the direct interaction between cisplatin
and SeMet (Pt-Se) seems to be the main cause of the nephroprotective
effect of this selenoamino acid.

3.5. Chromatographic analysis of Se and Pt in cytosolic extracts

Finally, speciation analysis of Se and Pt in cytosolic extracts from 24-
hour cell cultures was carried out by LC-ICP-MS, both using SEC and
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AEC, including additional UV/Vis detection in the first case.

SEC chromatograms monitoring either absorbance at 280 nm or ”8Se
or 1°°pt signals are displayed in Fig. 7 for RPTEC/TERT1 cell extracts.
Chromatograms for renal cells co-treated with cisplatin and Ch-SeNPs
show two main peaks of Se and Pt, eluting at minutes 8 (peak A) and
20 (peak B) (Fig. 7b, 7c) presenting the highest absorbance at 280 nm
(Fig. 7a). This confirms that most of cytosolic Se is part of proteins,
whereas Pt is mainly bound to them. Regarding Se signals in the SEC
chromatograms (Fig. 7d-i), these were higher in samples exposed to Ch-
SeNPs or SeMet compared to controls. The strongest increase was in
peak A (corresponding to molecular weights of 66-79.5 kDa), suggesting
a greater presence of high molecular weight selenoproteins due to the
effect of both selenocompounds. This is in accordance with the upre-
gulation of activity and expression levels of different selenoproteins
reported in cell cultures and animal models after treatment with sele-
nospecies [37-41]. Among them, selenoproteins with molecular weights
higher than 60 kDa, such as selenoproteins I, N, O and P, and thioredoxin
reductases 1, 2 and 3, would match the molecular weights expected for
peak A. This would confirm an overexpression of large selenoproteins in
RPTEC/TERT1 induced by both Ch-SeNPs and SeMet. Comparing Se
chromatograms, Ch-SeNPs (Fig. 7e) seem to enhance selenoprotein
synthesis to a greater extent than SeMet (Fig. 7f). Co-incubation with
cisplatin involved a significant reduction in the intensity of Se peaks for
both selenocompounds, in consonance with the decreased Se accumu-
lation observed (Section 3.4).

Changes in the SEC profile of cytosolic Pt were also found when
comparing extracts from renal cells treated with cisplatin alone or
combined with selenocompounds (Fig. 7j-1). In the first case, the relative
intensity of peak A was clearly lower than that corresponding to peak B
(Fig. 7j). When SeMet was added, all Pt signals decayed (Fig. 71), as
observed for Pt cytosolic levels (Section 3.4), but more similar relative
intensities between the two peaks were visible compared to those
observed when the Pt-drug alone was administered (Fig. 7j). On the
other hand, after cell incubation with cisplatin and SeNPs, peak A
significantly increased (Fig. 7k). Therefore, the internalisation of both
selenocompounds seems to lead to a redistribution of cytosolic Pt with
preferent platination of biomolecules eluting at lower retention times,
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especially with Ch-SeNPs. This could be related to an increased amount
of high-molecular-weight proteins, which would be in agreement with
the overexpression of selenoproteins revealed in Se chromatograms
(Fig. 7e-f, 7h-i).

Pt signal in peak A was much higher when cisplatin was combined
with Ch-SeNPs instead of SeMet, whereas the corresponding Se intensity
was similar in both samples (Fig. 7e, 7f, 7k, 71). This may be related to
the decreased uptake of the Pt-drug after SeMet exposure (Section 3.4).
Nevertheless, it should be studied if the different Pt intensity in peak A
could be also explained by a higher overexpression not only of seleno-
proteins but also other non-selenium containing proteins larger than 60
kDa in cultures with SeNPs. The higher amount of Pt-binding sites in
such proteins would favour a higher platination degree, which could
agree with the observed in peak A.

In parallel, Se speciation analysis by AEC-ICP-MS was performed on
RPTEC/TERT1 cytosolic fractions previously submitted to an enzymatic
hydrolysis (Fig. 8). Control samples showed two main Se peaks around 2
and 3 min, respectively, and a low-intensity peak at 3.5 min, which
correspond to (SeCys)y, MeSeCys and Se(IV), respectively (Fig. 8c). Peak
assignment was done not only by comparison with a mixture of Se
standards (Fig. 8a, 8b) but also with extracts from control cells doped
with each of these compounds after the extraction and further hydrolysis
(not shown). No differences were found in cell extracts with cisplatin
alone (Fig. 8d) compared to controls, so its administration did not seem
to alter the selenospecies distribution in cells.

Se chromatograms for cells exposed to either Ch-SeNPs (Fig. 8e) or
SeMet (Fig. 8g) showed differences both in the intensity, profile and
ratio of the different Se peaks. In the first case, there was a strong in-
crease in the levels of (SeCys)2 and MeSeCys compared to control sam-
ples. MeSeCys was the most abundant species, in accordance with
previous studies about the Se metabolism in HepG2 cells incubated with
SeNPs [39]. Increased Se(IV) was also observed compared to controls,
which could be due to progressive dissolution and oxidation of the
SeNPs after entering cell lysosomes [13,15,16]. Considering that cells
produce the amino acid SeCys through sequential biotransformations of
selenite [42], the increased levels of Se(IV) after SeNPs treatment could
be related as well to the higher intensity in the peaks of (SeCys), and
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MeSeCys (Fig. 8e). Besides, some studies have proposed that SeNPs
could be precursors for SeCys synthesis without a previous oxidation to
Se(IV) [43]. Therefore, our results confirm that internalised SeNPs enter
cellular metabolism, although some of them seem to be released by
exocytosis (Section 3.3).

Regarding cultures with SeMet, this was the major selenocompound
in the corresponding cell extracts (Fig. 8g). On the contrary, no presence
of this selenoamino acid was observed in the rest of the cases, in
consonance with the poor efficiency of human cells to generate it [44].
An increase in (SeCys); and MeSeCys peaks was also detected after
SeMet treatment (Fig. 8g), but to a lesser extent than in extracts with Ch-
SeNPs (Fig. 8e). Although the peak at 2 min could correspond not only to
(SeCys), but also to co-eluting SeOMet, the enhanced synthesis of SeCys
caused by SeMet administration was confirmed by the higher intensity
of MeSeCys peak (Fig. 8g). This is in agreement with the expected ability
of mammalian cells to metabolise SeMet through trans-selenation giving
rise to SeCys, which is further transformed into selenide by the p-lyase
reaction [45,46]. However, AEC results show that only a very limited
selenoamino acid conversion occurred, with most of SeMet remaining
intact (Fig. 8g). This could be explained by the use of racemic DL-SeMet
instead of the pure L-form, as cellular metabolism of D-SeMet is much
less efficient [47]. On the other hand, the disruptive effect of cisplatin
over the uptake of SeNPs and SeMet (Section 3.4) was demonstrated
again, as an overall decrease in the intensity of Se peaks in the

11

hydrolysed extracts occurred with the concomitant treatment of the Pt-
drug and both selenocompounds (Fig. 8f, 8h). The results obtained after
SEC and AEC analysis of HeLa extracts (data not shown) were very
similar than those shown for RPTEC/TERT1, suggesting no differences
between these cell lines in terms of metabolism of SeMet and SeNPs.

Pt was also monitored in the different extracts by AEC-ICP-MS as
shown in Fig. 8i-k. No significant changes were observed regardless
cisplatin was administered alone or in the presence of Ch-SeNPs or
SeMet, showing a similar profile of cytosolic Pt in all cases. Likewise,
there were no signs of preferential platination of SeMet or the presence
of new platinated species in cells co-incubated with cisplatin and this
amino acid (Fig. 8k), in contrast to the observations of Garcia-Sar et al in
rats [12], where they found Pt-SeMet adducts both in kidney extracts
and in urine. Therefore, the absence of such complexes in the cytosolic
samples analysed herein could be explained by their release from cells
once formed, which would also be in consonance with the decrease in
cisplatin uptake caused by SeMet (Section 3.4). This may suggest a
mechanism to specifically remove Pt-SeMet adducts, as has been pro-
posed in similar cases such as the release of Pt-GSH complexes through
the GS-X pump [7].

Considering the above AEC results, both Ch-SeNPs and SeMet seem
to stimulate the production of SeCys to a different extent. As SeCys is the
only selenoamino acid included in the genetic code with its own codon
(UGA), their increased levels may be related to the higher presence of
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cellular selenoproteins found in SEC analysis (Fig. 7e, 7f). Nevertheless,
these biomolecules could be originated not only by specific co-
translational incorporation of SeCys during protein synthesis, but also
through non-specific insertion of SeMet replacing Met in the nascent
protein chain [41]. This may explain the increase in the proportion of
high-molecular weight selenoproteins after SeMet treatment in spite of
its poor conversion into SeCys, in contrast to the metabolism observed
for SeNPs (Fig. 7e, 7f and Fig. S8e, 8g). However, although the levels of
SeMet in SeMet-treated cells were significantly higher than the levels of
(SeCys)2 and MeSeCys in SeNP-treated ones (Fig. 8e, 8g), the first
showed a lower production of selenoproteins (Fig. 7e, 7f). Thus, the
synthesis based on the incorporation of SeMet seems to be less efficient,
suggesting that a high proportion of internalised SeMet would remain
free and not as part of proteins.

Although the current knowledge about Se-proteins is still limited,
they are often involved in important biological functions such as redox
homeostasis or antioxidant defense [42]. Thus, SeNPs and SeMet would
enhance the redox status in healthy cells not only due to their own
antioxidant properties but also through the induction of selenoprotein
overexpression, which could be an additional benefit for neph-
roprotection. Moreover, this would be reinforced by an increase in the
activity of other essential proteins to prevent oxidative damage such as
glutathione peroxidase (GPx), superoxide dismutase (SOD) and catalase,
which are known to be stimulated after Se administration [48].

4. Conclusions

The nephroprotective potential of Ch-SeNPs and SeMet has been
evaluated for cisplatin-based antitumour therapies using RPTEC/TERT1
and HeLa cell models and a combination of bioanalytical techniques.
ICP-MS analysis revealed that the presence of SeMet reduces the amount
of both internalised cisplatin and Pt-DNA adducts, which may at least
partially explain the slightly higher survival rates of kidney cells.

In contrast, Ch-SeNPs have no influence on the uptake of cisplatin
and its binding to nuclear DNA, but its concomitant application pro-
duces a synergistic enhancement of the anticancer activity. Such aspect
could also be an advantage from a renoprotective point of view, as lower
doses of the Pt-drug would be required to achieve similar or even better
results in terms of pharmacological efficacy, with the consequent
decrease in kidney damage.

Both Ch-SeNPs and SeMet can be metabolised after their internal-
isation and favour an overexpression of cellular selenoproteins, as
shown by SEC and AEC analysis. Thereby, as most of these biomolecules
have antioxidant functions, this could be an additional benefit in order
to revert the oxidative stress induced by cisplatin, which is one of the
main causes of its nephrotoxicity.

Despite much more research is necessary to confirm and extend these
preliminary results, Ch-SeNPs and SeMet are demonstrated to offer
different but interesting characteristics to be considered as potential
coadjuvants in future treatments to improve cisplatin efficacy and
safety.
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