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ABSTRACT

One of the main problems with drug-based cancer treatments is the lack of selectivity, which
causes them to be distributed non-specifically in the body and cells, generating undesirable
side effects. In this work, a novel hybrid nanosystem for cancer cell targeting and therapeutic
delivery of Ag nanoparticles has been designed. The proposed nanosystem contains a Ag core
coated with a mesoporous silica shell which prevents the aggregation of Ag nanoparticles and
allows the anchoring of transferrin as a targeting ligand, thus enabling the nanosystem to be
selectively directed to cancer cells that overexpress transferrin receptors. The analytical and
functional characterization of the nanosystem has allowed to demonstrate the selective
internalization and its cytotoxic potential in cancer cells where it induces apoptosis.
Additional bioanalytical experiments have enabled the identification of different transcripts
and altered proteins in cells treated with the nanosystem, which has made it possible to delve
deeper into the biomolecular mechanisms by which the nanosystem exerts its action.
Furthermore, a hemocompatibility study indicates neither activation of monocytes nor platelet
aggregation after nanosystems exposure, hence supporting a future clinical applicability of

Ag@MSNs-Tf nanosystem.

Keywords: Mesoporous silica nanoparticles, silver nanoparticles, core@shell nanosystems,
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apoptosis-related proteins expression.
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1. Introduction

Nowadays, one of the main drawbacks of cancer therapy is the non-specific distribution of the
chemotherapeutic agents within the body, which leads to different issues such as significant
side effects, development of multidrug resistance or metastasis, among others."? Recently,
nanotechnology is playing an important role in solving this problem, by developing new
nanosystems capable of being selectively targeted at tumor cells.®> These nanosystems, on the
one hand, transport chemotherapeutic agents much more effectively improving their stability,
blood circulation and half-life times and, on the other hand, minimize the impact on healthy
cells, thus reducing side effects.!* Nanomaterials can accumulate in solid tumor tissues due to
the enhanced permeability and retention effect (EPR), which contributes to a more efficient
delivery of the chemotherapeutic agents to the tumor environment and constitutes the so-
called passive targeting.>° In addition to the passive targeting, a selective and active targeting
can be achieved by incorporating to the nanosystem ligands able to recognize certain specific
cellular receptors, such as the transferrin receptor (TfR), which are over-expressed in tumor
cells.””

Among the different types of nanomaterials for drug delivery systems, mesoporous silica
nanoparticles (MSNs) have gained great attention due to their unique properties as their
tunable size, large surface areas and pore volumes, and high biocompatibility.!%! In addition,
the high density of silanol groups displayed by MSNs allows the modification of their surface
with a wide range of ligands. Thus, MSNs are ideal candidates for the design of
multifunctional nanoplatforms facing cancer treatment allowing safe transport of
chemotherapeutic agents and immobilization of targeting ligands to enable their selectivity
towards cancer cells. Furthermore, MSNs allow the design of stimuli-responsive

13.14 and their combination with living organisms, such as bacteria as nanoparticle

nanosystems
carriers, improves the distribution of cytotoxic drugs within tumoral tissues.®

Silver nanoparticles (AgNPs) are commonly used in several biomedical applications
including as anti-bacterial, anti-fungal or anti-viral agents, due to their unique physical and
chemical properties. More recently, AgNPs have also been proposed as antitumoral agents
due to their anti-angiogenic properties and their inhibitory effect on tumor growth.!”2° On the
one hand, AgNPs can directly induce the formation of reactive oxygen species (ROS) when
they are exposed to the acidic environment of the lysosomes; on the other hand they can
release Ag’, leading to the production of ROS that induce oxidative damage to DNA and

proteins, and the apoptotic cell death via mitochondrial pathways.!”!” However, uncoated

AgNPs tend to aggregate, what difficult their cellular distribution and thus, restrict their



cytotoxic effects.?! Moreover, AgNPs not only affect tumoral cells, but also healthy cells
from different organs and tissues, thus potentially inducing significant side effects.?’ These
two facts make it necessary to vehicle AgNPs by designing a nanosystem able to selectively
deliver AgNPs to cancer cells.

In this context, different nanocomposites of AgNPs in MSNs have been previously prepared
by our group such as a core@shell nanosystem (Ag@MSNs) with antimycobacterial activity
against Mtb 2? or a nanosystem based on MSNs externally functionalized with Tf in which
AgNPs were nucleated and immobilized (MSNs-Tf-AgNPs). This last nanosystem exhibits
cancer cell targeting and cytotoxic effects on the cancer cells overexpressing transferrin
receptors through the “lysosome-enhanced Trojan horse effect” mechanism.?* Based on the
promising therapeutic effect obtained in our previous study, in the present work we have
designed a novel core-shell nanosystem consisting of AgNPs as core surrounded by a
mesoporous silica shell whose surface has been modified by covalently anchoring transferrin
as a targeting ligand (Ag@MSNs-Tf). An exhaustive analytical and functional
characterization of the material has been carried out demonstrating its homogeneous and
reproducible synthesis, as well as its selective internalization and cytotoxic effect in tumor
cells that overexpress transferrin receptors. Furthermore, a hemocompatibility study based on
circulating monocytes and platelet activation after nanosystems exposure has been performed.
Likewise, the biomolecular mechanisms of action of the nanosystem have been studied in
depth, giving insights on the activation of different apoptotic mechanisms by the nanosystem,
as a relevant aspect and added value to the study. Reported applications of this core@shell
configuration of AgNPs covered by mesoporous silica are focused on infection treatment,
where the AgNPs act as antibacterial agents,?>>%%¢ therefore a novel aspect of this

investigation is the application of Ag@MSNs nanosystems as therapeutic against cancer.

2. Materials and methods

2.1. Reagents and equipment

Fluorescein isothiocynate (FITC), tetraethylorthosilicate (TEOS), cetyltrimethylammonium
bromide (CTAB), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC.HCI), 2-morpholinoethanesulfonic acid (MES) monohydrate, transferrin human (Tf),
silver nitrate 99.9% and water (HPLC grade) were purchased from Sigma-Aldrich. 3-
Aminopropyltriethoxysilane 97% (APTS), 3-(triethoxysilyl)propylsuccinic anhydride 94%
(TESPSA) were purchased from ABCR GmbH & Co.KG. All other chemicals
(formaldehyde, ethyl acetate, absolute EtOH, dry toluene, NaOH, HCl, etc.) were of the



highest quality commercially available and used as received. Milli-Q water (resistivity 18.2
MQ-cm at 25 °C) was used in all experiments.

The analytical techniques used for the characterization of the synthesized materials were as
follows: thermogravimetric and differential thermal analysis (TGA and DTA), chemical
microanalysis, Fourier transformed infrared (FTIR) spectroscopy, low- and high-angle
powder X-ray diffraction (XRD), transmission electron microscopy (TEM), energy dispersive
X-ray spectroscopy (EDS), N2 adsorption porosimetry, electrophoretic mobility
measurements to calculate the values of the zeta-potential () and dynamic light scattering

(DLS). The equipment and conditions used are described in the Supporting Information.

2.2. Synthesis of Ag@MSNs

Green-emitting fluorescent Ag@MSNs were obtained following a modification of a
previously published synthetic approach.?® Under N2 atmosphere, 5 uL of APTS (0.023
mmol) were added over a stirred solution of 2 mg of FITC (0.005 mmol) solution in 250 uL
of ethanol to obtain a silylated derivative of fluorescein. The reaction mixture was stirred at
room temperature for 2 h in the dark. Then, 30 uL of the resulting solution were added to a
mixture of 100 pL of ethanol and 535 puL of TEOS (2.4 mmol). Separately, 50 mL of a 5.5
mM CTAB solution containing 300 pL of a 2 M NaOH solution was preheated at 80 °C for
20 min. Then, under vigorous stirring, 300 uL of a 1 M formaldehyde solution was added
followed by the dropwise addition of 1 mL of a 0.1 M AgNOs solution. After 5 min, the
freshly prepared TEOS and APTS-FITC mixture was added, drop by drop, and then 2 mL of
ethyl acetate were added to the reaction mixture. The mixture was vigorously stirred for 2 h at
80 °C in the dark and then cooled down to room temperature. The resulting nanoparticles
were collected by centrifugation at 11000 rpm for 35 min, washed three times with ethanol

and finally dried.

2.3. Synthesis of AJ@MSNs-COOH

For the external surface functionalization of Ag@MSNs with carboxylic acid groups, pore
surfactant containing material was employed and, therefore, approximately a quarter of the
specific surface area of the free-surfactant material (669.6 m?/g) was considered to be
functionalized. Prior to surface functionalization, 350 mg of CTAB-containing Ag@MSNs
(14% wt., i.e., 301 mg Ag@MSNs) were dehydrated at 80 °C, under vacuum for 3 h in the

dark, and subsequently re-dispersed under an inert atmosphere in 20 mL of dry toluene. The



required amount of alkoxysilane derivative was calculated to achieve a maximum coverage of
the external nanoparticle surface (a 100% nominal degree of functionalization) and a molar
ratio of three Si-OH groups with one R-Si(OEt)s molecule was the stoichiometry used. In
addition, it was presumed that the average surface concentration of Si-OH in silica materials
is 4.9 OH/nm? 2" Therefore, a solution of 52 mg (25% exc.) of TESPSA in 10 mL of dry
toluene was added to the vigorously stirred suspension of the CTAB-containing Ag@MSNs,
and the mixture was heated up to 110 °C overnight in the dark. The reaction mixture was
centrifuged at 11000 rpm for 35 min, and the obtained solid was exhaustively washed with
toluene and ethanol. The surfactant was removed from the functionalized material by heating
a well dispersed suspension of the obtained solid in an ethanol:H2O:HCI (88:10:2) solution
overnight at 80 °C. Then, the solid was washed with water and ethanol. This extraction
process was repeated for 2 h and the solid was finally dried under vacuum. The Ag@MSNs-
COOHecx: material with a nominal value of -COOH groups of 9.08 x 10~ mol/g Ag@MSN

was used for the protein anchorage.

2.4. Synthesis of Ag@MSNs-Tf

Prior to the conjugation of the protein, the -COOH groups on the surface of Ag@MSNs-
COOHext were activated. For this activation, 81 mg (10 equiv. per nominal -COOH group) of
EDC-HCI were dissolved in water and added to a vigorously stirred well-dispersed
suspension of 50 mg of the Ag@MSNs-COOHext material in 20 mL of Milli-Q water. The
mixture was stirred at room temperature for 3 h in the dark. Then, the solid was centrifuged
and rinsed with water to remove the residues of EDC. Later, activated Ag@MSNs-COOHext
was re-dispersed in 15 mL of a 50 mM MES monohydrate (pH 6) under gentle stirring. After
that, 5 mg (1.4 x 10~ mol per nominal -COOH group)? of Tf were dissolved in 4 mL of 50
mM MES monohydrate (pH 6) and added over the material suspension. The mixture was
stirred overnight in the dark and centrifuged at 11000 rpm for 35 min; the solid was
exhaustively washed with water and finally dried. Material was denoted as Ag@MSNs-TT.

Synthesis of materials used as controls (MSNs-Tf) were carried out as described elsewhere.?

2.5. Cell culture and treatment
Human hepatocellular carcinoma cell line (HepG2) was maintained in Dubelcco’s modified
Eagle’s medium (DMEM) and mouse osteoblast-like cell line (MC3T3-E1) in alpha modified

Eagle’s medium (a-MEM). Both culture media were supplemented with 10% fetal bovine



serum (FBS) and 1% penicillin/streptomycin at 37 °C and 5% COz. For performing the cell
assays, cells were seeded and incubated for 24 h allowing for cell attachment before exposure

to the nanosystem.

2.6. Cellular internalization

Mouse osteoblast-like cell line (MC3T3-E1) and human hepatocellular carcinoma cell line
(HepG2) were seeded into 6-well plates and exposed to 50 ng/mL of Ag@MSNs and
Ag@MSNs-Tf materials for 24 h. Then, cells were rinsed with phosphate buffer saline (PBS)
(Fisher Scientific) and harvested using a 0.25% trypsin/EDTA solution. Cells were
centrifuged at 1500 rpm for 5 min and resuspended in PBS for analysis by flow cytometry.
Trypan Blue (0.4%) (Sigma-Aldrich) was added to quench the fluorescence of the
Ag@MSNs adhered to the outer membrane of the cells. Then, the intensity of the green

fluorescence of the positive cells was measured.

2.7. Cytotoxicity assays

For the cell viability assay, HepG2 cells were seeded on 96-well plates 24 h prior to the
experiment. After cell attachment, they were exposed to 10, 15 and 25 pg/mL of MSNs-Tf
and Ag@MSNs-Tf for 72 h. After this time, 20 uL of 3-(4,5-dimethyl-thiazol-2-y1)2,5-
diphenyl tetrazolium bromide (MTT, 5 mg/mL) were added to each well and incubated for 4 h
at 37 °C. Then, MTT solution was removed and 100 uL of dimethyl sulfoxide (DMSO) were
added to dissolve the insoluble purple formazan crystals. Then, the absorbance at 595 nm was
measured using a microplate reader (TECAN).

For the cell death assay, HepG2 cells were seeded on 6-well plates and exposed to MSNs-Tf
and Ag@MSNs-Tf (10 and 15 pg/mL) for 72 h. Then, cells were harvested and stained with a
trypan blue solution (0.4%). The percentages of live and dead cells were obtained by counting

the unstained (live) and stained (dead) cells using a Neubauer chamber.

2.8. Hemocompatibility assays

For immunophenotype changes in circulating monocytes, a small volume (100 pL) of whole
peripheral blood (PB) was incubated with 50 and 100 pg/mL of Ag@MSNs or Ag@MSNs-Tf
for two hours at 37 °C. Then, monocytes activation was analyzed by fluorescence-activated
cell sorter (FACS) and erythrocytes-depleted PB cells were stained for specific surface
markers with phycoerythrin dye-(PE) conjugated anti-CD14 (Clone M5E2), fluorescein



isothiocyanate (FITC)-conjugated anti-CD16 (Clone 3G8) and allophycocyanin (APC)-
conjugated anti-CD11B. All monoclonal antibodies were purchased from BD, Pharmingen.
Cell acquisition was performed by flow cytometry Canto-II (BD Biosciences) equipped with
FACSDIVA™ software (BD, Biosciences) for multiparameter analysis of the data.

To determine platelet activation, citrate platelet rich plasma (PRP) was freshly isolated from
healthy donors and incubated in presence of 50, 100 and 200 pg/mL of Ag@MSNs or
Ag@MSNs-TT for 20 min at 37 °C in a platelet aggregometer TA-8V (Stago, Saint-Ouen-
I'"Auméne, France), following industry recommendations with minor modifications. At real
time, clumps of platelets were measured by light transmission aggregometry (LTA).
Epinephrine and thrombin-like peptides (TRAP) were used as soluble agonists for platelet

activation.

2.9. Cell cycle analysis

Potential changes on the cell cycle pattern were evaluated on HepG2 cells treated with
Ag@MSNs-TT (10 pg/mL and 72 h). After the exposure time, cells were harvested and
resuspended in 1 mL of a fixing solution containing 70% ethanol. Cells were rinsed and then
incubated for 1 h at 37 °C with a 10 mg/ml RNase A solution (Invitrogen). Finally, 20 uL of a
1 mg/mL propidium iodide solution were added and the DNA content was analyzed using a
FACScan flow cytometer (Becton Dickinson).

Additionally, the mRNA levels of cell cycle related genes were measured in HepG2 cells
exposed to Ag@MSNs-TT (10 ug/mL and 72 h). Total RNA was isolated using the TRIzol®
reagent (Invitrogen) according to the manufacturer’s instructions. The quantity of extracted
RNA was measured using a NanoDrop One (Thermo Fisher Scientific). Synthesis of cDNA
with integrated removal of genomic DNA contamination was performed using a Quantitec
reverse transcription kit (Qiagen) employing 1 pg of RNA. RT-qPCR analysis was carried out
using TagMan gene expression assays (Thermo Fisher Scientific) and TagMan Fast advance
master mix (Thermo Fisher Scientific) according to the manufacturer’s instructions. The
references of the TagMan gene expression assays used are listed in Table S1 in Supporting
Material. All reactions were performed in a final volume of 10 uL. The reaction protocol was
2 min at 50 °C, 10 min at 95 °C for activating the polymerase and 40 cycles of 15 s at 95 °C
and 1 min at 60 °C. Relative expression of genes was normalized using GADPH as the

endogenous control. Gene expression in each sample was calculated as 2724,



2.10. Apoptosis proteins array

Simultaneous evaluation of the expression of key apoptosis-related proteins was carried out
using the Proteome™ Profiler Human Apoptosis Array Kit (R&D systems). After exposure to
Ag@MSNs-TT, cells were lysed in buffer containing protease inhibitors (Thermofisher) and
the total protein concentration was determined by means of the Bradford assay. Then, lysates
containing 300 pg of protein were processed following the manufacturer’s instructions.
Images were obtained with a Fujifilm LAS-3000 Imager after an exposure time of 5 min and

pixel density of each signal was measured using the Image J program (NIH).

2.11. Statistical analyses
Unless otherwise stated, all experiments were performed in quintuplicate (n = 5). Data were
analyzed by ANOVA followed by Bonferroni’s multiple-comparison test in GraphPad Prism

version 6.0.

3. Results and Discussion

3.1. Synthesis and characterization of the nanomaterial

The synthetic approach for obtaining the novel hybrid nanosystem consisting on core@shell
nanoparticles functionalized with Tf as a vectorization ligand (Ag@MSNs-TT) is shown in
Figure 1. Ag cores were formed in a first step using AgNOs3 as a source of Ag*, which was
chemically reduced in a basic solution containing CTAB as stabilizing agent. This surfactant
also acts as template in the subsequent step where the AgNPs are the nucleus or seeds for the
polymerization of the alcoxysilane precursor TEOS that leads to the formation of the
mesoporous silica shell through hydrolysis and condensation (Figure 1A). A fluorescent dye
was covalently linked to the silica network through a co-condensation reaction during the
silica shell formation to make the nanosystem traceable in the in vitro cell studies (See Figure
S1). To get this, fluorescein isothiocyanate was reacted with 3-aminopropyltriethoxysilane in
a previous reaction and the in-situ-generated intermediate was mixed with the TEOS
(TEOS/APTS-FITC).?® Ethyl acetate was added in this last step to control the morphology of
the final nanoparticles during the sol-gel reactions.?® Then, the protein Tf was covalently
anchored in the external surface of Ag@MSN (Figure 1B) following a standard
bioconjugation reaction of carbodiimide-mediated coupling between carboxylic acids and
amines in aqueous media.?*?%-3!

For that, carboxylic acid groups were firstly introduced in the surface of the surfactant

containing Ag@MSN material through a post-functionalization method under water free



conditions using TESPSA. The carboxylic acid groups are afforded because the hydrolysis
and ring opening of the succinic anhydride group is produced during the surfactant
extraction.?*? Then, taking advance of the carbodiimide chemistry, the carboxylic acid
groups were activated to covalently bond the protein through the condensation of some of the
—NH: of amino acids of Tf with the -COOH, which leads to the formation of amide bonds.??
Ag@MSN material was first characterized by TEM confirming the presence of a single silver
core inside the mesoporous silica nanoparticles in a typical core@shell structure. The
obtained Ag@MSNs were quite homogeneous regarding morphology, with average diameters
of ca. 55 nm and 15 nm for the Ag@MSNSs and the Ag core, respectively (Figure 2A and 2B).
The dispersity value or polydispersity index calculated for Ag@MSNs sample from size
measurements of nanoparticles in the TEM images has a value of 0.138 (see Figure S2 in
ESI). Therefore, it can be considered that the size distribution of Ag@MSNs nanosystem,
with a value lower than 0.2 and close to 0.1, tends to be highly monodisperse because a
sample is considered monodisperse when the PdI value is less than 0.1.3%3

The silica shell exhibits wormhole-like mesopores radially arranged from the center. The
atomic percentages for silver and silicon of Ag@MSNs were estimated by EDS analysis (see
inset in Figure 2A), showing a composition of 5% Ag and 95% Si. High-angle XRD
measurements verified that the cores were exclusively formed by metallic Ag, displaying the
characteristic diffraction pattern of this element (Figure S3 in ESI).

N2 sorption measurements were performed to analyse the textural properties of these
core@shell nanoparticles (Figure S4 in ESI). N2 adsorption-desorption analyses of the
Ag@MSN material exhibit the characteristic type IV BET isotherms confirming their
channel-like mesoporous structure. The isotherm shows a more pronounced growth in the
increase of the amount of adsorbed nitrogen in the range of P/Po 0.3 to 0.4, ascribed to the
capillary condensation in mesopores. The surfactant free material possesses a high surface
area of 669.6 m?/g and a large pore volume of 0.53 cm?/g after subtraction of the interparticle
porosity. An average pore diameter of 2.5 nm was calculated from the maximum of the pore
size distribution.

The functionalization stages of the Ag@MSNs surface were monitored by the determination
of the organic content of the materials by TGA and chemical analysis (Table 1). The results
confirmed the expected increase of the organic content and %C after the functionalization of
the bare fluorescent Ag@MSNs with the alkoxysilane to introduce the -COOH groups in the
first step and with transferrin (Tf) in the last one. Furthermore, the increase in the N and S

content after protein incorporation can be ascribed to amino acids from the transferrin.
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In addition, the successive incorporation of the new —COOH and Tf functionalities in the
Ag@MSNs nanosystem has been followed by means of FTIR spectroscopy (see Figure 3).
For the first functionalization step it is observed a change in the 1900-1300 cm™' range from a
clean spectrum for Ag@MSNs to the appearance of a new band at 1716 cm™ due to the
stretching mode v(C=0) of carboxylic acid groups in Ag@MSNs-COOH. Then, in the same
region in the FTIR spectrum of Ag@MSNs-TT, the presence of two signals at 1647 and 1541
cm™!, which are characteristic of the C=0O stretching vibration (v(C=0), amide I) and N-H
bending vibration (8(N-H), amide II), respectively, is clearly observed. The amide group is
present in the transferrin because it is the peptide bond linking the amino acids in the primary
structure of proteins. The appearance of the broad band due to the NH stretching mode of the
amide group around 3338 cm™ is also clear. These facts reflect the presence of transferrin in
the final Ag@MSNs-Tf nanosystem. The presence of a large number of amide bonds
somehow masks the identification of the new amide bonds formed through carbodiimide
chemistry to bind transferrin to the carboxylic acids on the surface of the Agl@MSNs-COOH
nanosystem. However, the displacement or transformation in a shoulder of the C=0 stretching
band due to the partial consumption of the carboxylic acids of the material Ag@MSNs-
COOH would support the formation of new amide bonds in the Ag@MSNs-Tf nanosystem.
Bands due to v(C-H) from CH2 groups can be observed in the three spectra. They correspond
to ethoxy groups from incomplete hydrolysis and condensation during the sol-gel reactions
for the silica shell formation in Ag@MSNs material, to the methylene chain of the TESPSA
alkoxysilane incorporated in the first functionalization step, and the methylene groups in
transferrin incorporated in the last one. Bands due to silica are indicated in Figure 3, together
with their assignations to the vibrational mode and structural unit from the inorganic shell of
the nanosystems.

Additionally, zeta-potential (-potential) measurements were performed to follow the
functionalization process (Table 2 and Figure S5.A). Bare Ag@MSNs material displayed
negative charge of ca. —14 mV due to the silica shell possessing silanol groups that dissociate
in water following an acid-base equilibrium (R-Si-OH + H20 = R-SiO~ + H30"). After
functionalization with TESPSA the C-potential exhibits a more negative value due to the -
COO™ groups from the new carboxylic acid functionalities (R-COOH + H20 = R-COO~ +
H30%). The C-potential value shifts again towards a less negative value after the covalent
introduction of the Tf onto Ag@MSNs-COOHext due to the consumption of a small

proportion of -COOH groups. The hydrodynamic particle diameter (Dn) of the materials was
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measured by DLS (Table 2 and Figure S5.B). All the materials displayed monomodal and
narrow hydrodynamic size distributions comprised between 30 and 110 nm, with
hydrodynamic sizes that are in agreement with the {-potential values after functionalization.
For the bare Ag@MSNs the maximum of the size distribution is found around 68 nm, which
decreases to ca. 59 nm when the functionalization with TESPSA takes place. This fact is in
accordance with the decrease of the C-potential which causes higher electrostatic repulsion
and reduces the number and size of nanoparticle aggregates. When the Tf is attached to the
external surface the maximum of the hydrodynamic size increases a smaller amount, to ca. 79
nm, due to two possible causes. On one hand, the less negative value of =20 mV, although
still in the zone of colloidal stability, shifts the maximum of the hydrodynamic size
distribution. Furthermore, the presence of the protein which is a macromolecule on the
surface of the nanoparticles makes the hydrodynamic size to increase due to apparent size of
the nanoparticle bigger than the inorganic core@shell nanosystem itself. Accordingly to the -
potential and hydrodynamic size results, Ag@MSN as well as the functionalized materials
exhibit excellent dispersion and colloidal stability in water media.

In addition, the stability of Ag@MSNs-Tf in relevant media for bioanalytical assays has been
investigated. Hydrodynamic diameters of Ag@MSNs-Tf measured by DLS in PBS and cell
culture media also presented monomodal and narrow distributions centered at ca. 290 and ca.
68 nm, respectively (see Figure S5 in ESI). Although in PBS media the formation of larger
aggregates can be detected, the material also exhibit excellent dispersion and colloidal

stability in PBS and cell culture media.

3.2. Evaluation of the selective internalization of Ag@MSNs-Tf

After confirming the homogeneity and reproducibility of the synthesis, as well as the
successful incorporation of Tf, the selective internalization of the Ag@MSNs-Tf material was
evaluated using two cells lines, HepG2 and MC3T3-E1 cells, which show a clear difference in
transferrin receptor (TfR) expression levels.?>¢ Cells were exposed to 50 pg/mL of either the
bare (Ag@MSNSs) and the protein decorated (Ag@MSNs-TT) material during 24 h. Flow
cytometry was used to evaluate the degree of internalization by quantifying the intensity of
the fluorescence of positive cells (Fig. 4). Functionalization with Tf significantly enhanced
the internalization of the material in HepG2 cells as compared with the bare material (Fig. 4).
Additionally, uptake of Ag@MSNs-Tf in MC3T3-E1 cells (with low TfR expression level)

was clearly lower as compared to that in HepG2 cells (with high TfR expression level). In
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MC3T3-EI cells there were no significant differences in the degree of internalization between
the bare or the Tf decorated material (Fig. 4). These results confirmed the TfR mediated
cellular uptake and demonstrate the selective internalization of Ag@MSNs-Tf towards cancer

cells overexpressing TfR.?

3.3. Cytotoxicity of Ag@MSNs-Tf

Once the selectivity of the Ag@MSNs-Tf material towards cells overexpressing TfR was
proved, the cytotoxic effects exerted by this material were assessed. To this end, cell viability
(Fig. 5A) and cell death (Fig. 5B) assays were carried out by exposing HepG2 cells to
different concentrations of Ag@MSNs-Tf and MSNs-Tf (as control) for 72 h. The effect over
the cellular viability was evaluated by means of the MTT assay, which measures the reducing
potential of the cells. While healthy cells are able to reduce the MTT to formazan (a purple
colored compound), non-viable cells are unable to do so. Therefore, cell viability can be
determined by measuring the absorbance of the MTT-treated cells at 595 nm. As shown in
Fig. 5A, the viability of HepG2 cells was hardly compromised after treatment with MSNs-Tf
and remained constant regardless of the concentration, showing the biocompatibility of the
MSNs-Tf material. On the other hand, exposure to Ag@MSNs-TT significantly reduced the
cellular viability of the cells in a concentration-dependent manner, reaching a 40% decrease
after exposure to 10 pg/mL of Ag@MSNs-Tf during 72 h, thus demonstrating that the
cytotoxic effect exerted by the Ag@MSNs-Tf material can be exclusively attributed to the Ag
core. Additionally, a trypan blue-based assay was performed in order to evaluate the potential
of the nanosystem to induce cell death. This dye can only penetrate and stain cells whose
nuclear membrane is compromised, which means that they are undergoing cellular death. The
results showed that the percentage of dead cells was significantly higher in cells exposed to
Ag@MSNs-Tf as compared to those exposed to MSNs-Tf. Moreover, the percentage of dead
cells increased at higher concentrations of Ag@MSNs-Tf (Fig. 5B). These results are also in
well agreement with the higher decrease in cellular viability observed in cells exposed to

Ag@MSNs-Tf as compared to cells exposed to MSNs-TT (Fig. SA).

3.4. Hemocompatibility of Ag@MSNs and Ag@MSNs-Tf

Blood is the main contact for nanoparticles administered intravenously and via other routes,
to reach different target tissues throughout the body.*”-*® Nanoparticles interactions with blood
elements is one of the principal concerns for its approval by medical agencies. Hence, to

determine the effects of Ag@MSNs and Ag@MSNs-Tf on monocytes we developed an assay
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to measure several markers associated with monocytes activation from whole peripheral
blood of healthy donors (Figure 6A-B). A marker whose expression increases when the
activation of the monocyte occurs (CD16) and another marker whose expression decreases
(CD11B) were selected. After two hours being in contact, we observed an increase of mean
fluorescent intensify (MFI) of CD16 for Ag@MSNs-Tf at the higher dose tested (Figure 6A)
without significance. No changes were detected for CD11B (Figure 6B). Therefore, at doses
less than 100 pg/mL these nanosystems do not produce monocyte activation.

On the other hand, platelet is a key component of coagulation. Once platelets become
activated suffer conformational changes allowing surface integrins to build a platelet plug.*
To determine platelet aggregation, we first isolated citrate platelet rich plasma. Then, real
time measurements of platelet sedimentation were quantified after interacting with the
nanosystems (Figure 6C-D). We failed to detect a significant formation of platelet
aggregation after either Ag@MSNs or Ag@MSNs-Tf insult, being in all samples analyzed
less than 5% (Figure 6D).

3.5. Evaluation of the action mechanisms of the nanosystem
In a second set of experiments, and with the aim of exploring in depth the biomolecular
mechanisms of action of the synthesized nanosystem, its ability to induce alterations in the

cell cycle and/or to induce apoptosis in cancer cells was evaluated.

3.5.1. Effect on cell cycle regulation and progression

In order to evaluate whether the designed nanosystem Ag@MSNs-Tf might be inducing cell
cycle arrest or promoting the apoptotic pathways, a flow cytometry-based cell cycle assay
followed by an RT-qPCR analysis of different genes involved in cell cycle control and
progression (Table S1 in ESI) were carried out in the first place. As shown in Figure 7A, after
exposure to Ag@MSNs-Tf there were not significant changes in the cellular population of
neither Sub GO, GO/G1 nor S-G2/M phases as compared to control cells, which indicates that
Ag@MSNs-Tf does not arrest the cell cycle. Nevertheless, mRNA expression levels from
most of the evaluated transcripts were significantly altered in cells exposed to Ag@MSNs-Tf
in comparison to control cells (Figure 7B). In this sense, the expression levels of TP53 and C-
MY C transcripts were overexpressed after exposure to Ag@MSNs-Tf. As for the G1/S
transition regulated by the association between cyclin E (CCNE1) and CDK2, while the
mRNA level of CDK2 was found downregulated, cyclin E showed an upregulation. CDK2 is
also implied in the S/G2 checkpoint alongside cyclin A2 (CCNA2), whose mRNA expression
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level was also inhibited in cells exposed to the nanosystem. Cyclin B (CCNB1) and CDK1,
which are involved in the G2/M checkpoint, were found downregulated in HepG2 cells
exposed to Ag@MSNs-TT, suggesting that exposure to the proposed nanosystem might

induce cell cycle arrest in S-G2/M phase, which beforehand could seem contradictory.4%-4?

3.5.2. Apoptosis-related proteins expression

Since the previous results showed that the nanosystem does not arrest the cell cycle and
because the cell cycle related transcripts that are altered could also be affected due to the fact
that the nanosystem is inducing apoptosis, the expression profile of different apoptosis-related
proteins were analyzed (Figure 8A-C). In HepG2 cells exposed to Ag@MSNs-Tf almost all
proteins evaluated in the array were found deregulated upon exposure. Out of the 35 proteins,
only 3 of them, Pro-Caspase-3, Catalase and PON2, were not differentially expressed between
control and treated samples. In order to facilitate the understanding of the mechanisms related
to the expression of the evaluated proteins, the proteins were grouped in three categories
according to the interactions or the processes in which they are involved.

Cell cycle-related apoptosis mechanisms. The first category comprises proteins whose
expression is directly involved in the regulation of the cell cycle and are related with the
induction of apoptosis (Fig. 8A and Fig. 9A). Of all the proteins found to be deregulated, the
overexpression of the p53 protein, including 3 variants that consider phosphorylation in S392,
S46 and S15, seemed especially relevant. p53 is a tumor suppressor which appeared
inactivated in half of the human cancers, including liver cancer;**** thus, the fact that
exposure to Ag@MSNs-Tf induces overexpression of this protein, whose transcript was also
confirmed to be highly upregulated by RT-qPCR, confers a promising anti-tumoral potential
to the designed nanosystem. Furthermore, p53 has been shown to induce cell cycle arrest or
apoptosis depending on its expression level; meanwhile low levels of p53 only produce cell
cycle arrest, high levels of this tumor suppressor lead to cellular apoptosis through the
activation of the pro-apoptotic Bcl-2 family member Bax.*> The overexpression of Bax,
together with that of cyclin E, observed upregulated by RT-qPCR, is closely related to the
induction of apoptosis after cellular stress.**’ These facts are in agreement with the results
discussed above in which it was shown that the cell cycle is not arrested after exposure to
Ag@MSNs-TT, but apoptosis is induced. Interestingly, it has also been reported that cells
overexpressing cyclin E are more sensitive to Fas, TRAIL and TNF-a mediated apoptosis.
Proteins Fas and TRAIL (TNFR1, DR4 and DRS5) were found overexpressed after exposure to
Ag@MSNs-Tf, and the association among Fas, DR4 and DR5, along with FADD (also found
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overexpressed) constitutes the complex DISC which triggers the cellular apoptosis via
caspase-8 activation.*’->? Activation of caspase-8 implies upregulation of the cleaved caspase-
3, which is necessary for DNA fragmentation during apoptosis. This protein was also found
overexpressed after treatment with the nanosystem, which is particularly relevant considering
that its upregulation has been reported to be essential for inducing apoptosis after treatment
with several chemotherapeutic drugs.’'>? In addition, the mRNA level of the oncogene c-Myc
was found upregulated in the RT-qPCR analysis; its overexpression can also be related to the
activation of cellular apoptosis through a wide variety of pathways, in which proteins from
the Bcl-2 family are also involved.’*>* Additional cell cycle-related transcripts were found
inhibited in cells exposed to Ag@MSNs-Tf. Such is the case of CDK2, whose inhibition is
often related to DNA damage and it could induce apoptosis by preventing the transcription
factor FOXO1 from being phosphorylated, thus enabling the upregulation of different cell
death genes, like the one that encodes Fas.>> Moreover, the inhibition of the cyclin A/CDK2
complex produces an increase on E2F level, which lastly induce cellular apoptosis.*® Finally,
the downregulation of the cyclin BI/CDK1 complex may enhance the Fas-mediated
activation of caspase-8 and, therefore, the cellular apoptosis.®’ It should be noted that
although the mRNA level of the cell cycle inhibitor CDKNIA (p21) was not found
significantly altered in cells exposed to Ag@MSNs-TT, the expression of the p21 protein was
found significantly overexpressed in treated cells, which in principal could be contradictory.
Nevertheless, it is known that c-Myc can transcriptionally repress p21 so that the
overexpression of c-Myc could explain the CDKNI1A transcript level.*® In addition, although
p21 generally plays an anti-apoptotic role through the activation of different anti-apoptotic
factors, it has also been reported that it can exert a pro-apoptotic role since p21 could be
cleaved by caspase-3, thus enhancing the cellular apoptosis after DNA damage.’®> Moreover,
p21 can translocate to the nucleus to participate in DNA repairing processes, thus avoiding its
degradation in the cytosol, what could explain the higher expression of p21 observed at the
protein level.> Another cell-cycle inhibitor which belongs to the same family as p21 is the
p27/Kipl protein; this protein was also found upregulated, which can be considered as

another indication that apoptosis is being induced by the designed nanosystems.*

Pro-apoptotic mechanisms. Besides the proteins directly related to the cell cycle related
transcripts that were evaluated by RT-qPCR, the expression of additional pro- and anti-
apoptotic proteins was also assessed (Fig. 8B). The Bcl-2 family of proteins is tightly

involved in the regulation of apoptosis since it is composed by pro-apoptotic proteins such as
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Bad or Bax, and anti-apoptotic proteins that include Bcl-2 and Bel-x.*7¢! Regarding the pro-
apoptotic members of this family, apart from Bax, whose function has been described above,
the upregulation of Bad can induce apoptosis through the mitochondrial release of
cytochrome ¢, SMAC/Diablo and AIF (Fig. 9B).5>% The release of cytochrome ¢ from the
mitochondria produces the assembly of a complex called “apoptosome” which finally results
in the activation of caspase-9.°* In addition, the overexpression of the pro-apoptotic protein
SMAC/Diablo, as it was found in cells exposed to the nanosystem, has been demonstrated to
contribute to induce apoptotic cell death since the interaction of this protein with the inhibitor
of apoptosis protein (IAP) member XIAP in the presence of a pro-apoptotic stimuli, triggers
the release of caspases-3 and -9.%° This assertion is supported by the fact that the HTRA2/Omi
protein was also found overexpressed. This protein induces activation of SMAC/Diablo and
its release to the cytosol contributes to apoptosis via caspase-dependent and -independent
pathways. 5

Cellular defense mechanisms. In order to avoid cellular death, cells undergoing pro-
apoptotic mechanisms or cellular stress, activate different defense pathways (Fig. 9C) in
which the expression of different anti-apoptotic and defense proteins is involved (Fig. 8C).
Two anti-apoptotic members of the Bcl-2 family of proteins, Bcl-2 and Bel-x, were found
overexpressed, what initially could be considered a contradiction in terms of the ability of the
nanosystem to induce apoptosis. Nevertheless, these proteins usually bind to Bax in order to
inhibit its action and, consequently, they can be upregulated to counterbalance the effect of
the enhanced expression of their anti-apoptotic binding partner as a defense cellular
mechanism.®!

It is also important to consider that different pro-apoptotic members of the Bcl-2 family have
been previously reported to be overexpressed under stress conditions, as in the case of
hypoxia induced by reactive oxygen species (ROS) generated after exposure to AgNPs.%’
Under these conditions, cells can stabilize HIF-1a as an adaptative response. Such protein
also plays a role in the modulation of apoptosis; its upregulation disrupt the p53-Mdm?2
complex, inducing activation of p53 and thus, apoptosis.®”%® In addition, the expression of
HIF-1a directly regulates the IAP member named survivin. As a result, upregulation of HIF-
la should lead to the overexpression of survivin, as it has been observed in cells exposed to
Ag@MSNs-TT.% The expression levels of other IAP family members such as cIAP-1, cIAP-
2, XIAP and livin were also assessed. It has been reported that under the described hypoxic

conditions cIAP-2 protein can be overexpressed, as it has been seen in the results.’
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Interestingly, the overexpression of these IAP members is usually considered a response to
the treatment of cells with chemotherapeutic agents.’®’? The expression levels of cIAP-1 and
cIAP-2 are usually increased due to survival signals such as the epidermal growth factor
(EGF); and what is more, the expression level of cIAP-1 is maintained in the presence of a
pro-apoptotic stimuli called transforming growth factor-B (TGF-3). The presence of both
factors allows the cleavage of cIAP-1 by different caspases and consequently, under these
conditions, cIAP-1 can be transformed into a pro-apoptotic protein.”” Although XIAP has an
anti-apoptotic activity as inhibitor of different caspases, it has also been suggested to be
necessary for increasing the TGF-B signaling.”!"” In addition, the expression of different
proteins involved in cellular defense mechanisms was also analyzed in cells exposed to
Ag@MSNs-Tf. Such is the case of HSP27, HSP60 and HSP70, three members of the heat
shock protein (HSP) family whose overexpression is usually observed under oxidative stress
conditions. These proteins act lowering the intracellular ROS levels to protect cells from

7476 50 it is not surprising that they appeared upregulated in cells treated

undergoing apoptosis,
with the nanosystem. Similarly, the overexpression of the heme oxygenase (HO) proteins
(HO-1 and HO-2) that has been found is also known to play a protective role against
oxidative stress and other stress situations.””-”® Finally, overexpression of proteins involved in
other mechanisms related to the cellular response to DNA damage or to cell survival has also
been found. Such is the case of the Rad17 protein, upregulated in cells treated with
Ag@MSNs-TT, which has been reported to be activated after DNA damage through its
phosphorylation by ATR.”’#% Moreover, phosphorylated-Rad17 interacts with claspin, also
found upregulated, by promoting its recruitment.” Hence, the overexpression of phosphor-
Rad17 contributes to the upregulation of claspin, which phosphorylates Chk1 promoting the
G2/M progression after DNA damage.?'"8? In the same way, clusterin was also found
upregulated in cells exposed to the designed nanosystem. Its overexpression has been
associated to apoptotic events since its main function is enhancing cell survival under stress
situations. Especially interesting is the fact that this protein has also been found upregulated
in other studies in response to treatments with different chemotherapeutic agents.33-%4

To sum up, the proposed nanosystem is able to induce apoptosis through the interaction of
different cell cycle related components with membrane apoptotic receptors, and through the
expression of pro-apoptotic proteins, triggering in both situations the activation of the caspase
cascade. Moreover, the expression of the apoptotic proteins themselves and the generation of

ROS associated to the action of AgNPs, induce the direct or indirect activation of different

defense proteins to counterbalance the action of the ongoing apoptotic pathways.
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4. Conclusion

A novel hybrid nanosystem consisting of core-shell Ag@MSNs externally modified with Tf
as targeting ligand has been prepared aimed at cancer treatment. The physico-chemical
characterization showed that well dispersed and homogeneous nanoparticles of ca. 55 nm
containing 15 nm Ag cores were obtained via a highly reproducible synthetic strategy.

The functional characterization through in vitro assays confirmed the selective internalization
of the nanosystem in cancer cells overexpressing TfR and the decrease in the viability of
treated cells in a concentration dependent manner, inducing a significant percentage of cell
death. Moreover, treatment with the nanosystem altered different cell cycle related transcripts
such as TP53, C-MYC, CDKI1, CDK2, CCNA2, CCNE1 and CCNBI1. Additionally, several
apoptosis-related proteins were deregulated under the action of the Ag@MSNs-TT. Both sets
of results demonstrate the activation of different apoptotic mechanisms in cells treated with
the proposed nanosystem. The results have demonstrated the promising potential of the
synthesized nanosystem to selectively transport AgNPs, which act as cytotoxic agents, to
cancer cells. The hemocompatibility study based on circulating monocytes and platelet
activation indicated that nor activation of the monocytes neither platelet aggregation was
produced after nanosystems exposure at doses higher than the needed to exert their cytotoxic
effect in cancer cells, supporting the future clinical applicability of Ag@MSNs-Tf
nanosystem.

Overall, this Ag@MSNs-Tf nanosystem represent a platform that prevents the aggregation of
Ag nanoparticles and shows selective internalization and cytotoxic capacity through the
activation of different apoptotic mechanisms of cancer cells. Future studies will also explore
the functionalization with other targeting moieties for overexpressed receptors in specific
cancer situations, as well as the loading of the mesopores with anticancer drugs looking for a
synergistic effect with the cytotoxic effect of silver in cancer cells. Moreover, further efforts
are being carried out to evaluate the suitability of the proposed nanosystem in clinical

applications for cancer treatment.
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Table 1. Organic content and elemental composition from thermogravimetric and chemical

analysis of Ag@MSNs and functionalized Ag@MSNs materials.

Material Org. Content (wt %) %C %N %S
Ag@MSNs 5332 2.13 0.12 0.00
Ag@MSNs-COOHex¢ 6.95 &b 6.53 0.33 0.01
Ag@MSNs-Tf 15.49 ab 11.01 2.08 0.13

2 Organic content (Wt%) is determined from the TGA weight losses, excluding the weight loss
due to the desorption of water (up to 125 °C) and ? further corrected by the weight loss of the
remaining alkoxysilanes after the sol-gel reaction (surfactant extracted unmodified
Ag@MSNS).

Table 2. C-Potential values and hydrodynamic particle size in water medium of Ag@MSNs
and functionalized Ag@MSNs materials.

Material C-Potential ® (mV) Hydrodynamic size *° (nm)
Ag@MSNs -14+3 686
Ag@MSNs-COOHext -26t6 595
Ag@MSNs-Tf 20+ 6 79 £8

2 Samples were measured in quintuplicate (n = 5). ® Maximum of the size distribution
measured by dynamic light scattering.
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Figure Legends

Fig. 1. Synthetic procedure for (A) Ag@MSNs and (B) Ag@MSNs-TT.

Fig. 2. TEM micrographs of Ag@MSNs (A and B), Ag@MSNs-COOHex: (C) and
Ag@MSNs-Tf (D) materials at different magnifications. EDS analysis of Ag@MSNs is
shown as an inset in A.

Fig. 3. Fourier transformed infrared (FTIR) spectra of Ag@MSNs, Ag@MSNs-COOH and
Ag@MSNs-TTf nanosystems. # Bands due to physisorbed water.

Fig. 4. Differential cellular internalization evaluated on HepG2 and MC3T3-El cells exposed
to 50 pg/mL of Ag@MSNs or Ag@MSNs-TT for 24 h. Data were analyzed by ANOVA
followed by Bonferroni’s multiple-comparison test. Statistical significance: **** p<(0.0001.

Fig. 5. (A) Cell viability of HepG2 cells exposed to different concentrations (10, 15 and 25
png/mL) of MSNs-Tf or Ag@MSNs-Tf for 72 h. (B) Percentage of HepG2 dead cells after
treatment to different concentrations of MSNs-Tf and Ag@MSNs-Tf (10 and 25 pg/mL) for
72 h. Data were analyzed by ANOVA followed by Bonferroni’s multiple-comparison test.
Statistical significance: ** p<0.01. *** p< 0.001. **** p<0.0001.

Fig. 6. Circulating monocytes activation (upper row): (A) representative gating strategy for
monocytes analysis (blue) by flow cytometry; (B) bar graphs represent fold increase of Mean
Fluorescent Intensity (MFI) for CD16 (left panel) and CD11B (right panel) surface markers
on monocytes after nanoparticles insult. To normalize the data, a negative control without
nanoparticles was used to calculate the ratio. Values represent mean £ SD of a minimum of 3
healthy donor. Platelet activation (bottom row): (C) representative real time curves of citrate
platelet rich plasma (PRP) after nanoparticles insult or soluble agonists such as epinephrine
(black curve) or thrombin-like peptides (red curve); (D) graph represents the percentage of
platelet sedimentation after being in contact with different nanoparticles at scaled doses.

Fig. 7. (A) Cell cycle pattern analyzed by flow cytometry and (B) mRNA levels of genes
related to cell cycle regulation of HepG2 cells treated with 10 pg/mL of Ag@MSNs-TT for 72
h. Untreated HepG2 cells were used as control. Data were analyzed by ANOVA followed by

Bonferroni’s multiple-comparison test. Statistical significance: “ns” non-significant; ***
p<0.001; **** p<0.0001.

Fig. 8. Expression levels of (A) cell cycle-related proteins, (B) pro-apoptotic proteins and (C)
defense proteins of HepG2 cells treated with 10 pg/mL of Ag@MSNs-Tf for 72 h. Untreated
HepG2 cells were used as control. Data were analyzed by ANOVA followed by Bonferroni’s
multiple-comparison test. Statistical significance: “ns” non-significant; * p<0.05; **p<0.01;
*#% p<0.001, **** p<0.0001.

Fig. 9 Illustration of (A) cell cycle-related apoptosis, (B) pro-apoptotic and (C) cellular
defense mechanisms involved in the action exerted by Ag@MSNs-Tf nanosystems on HepG2
cells.
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Fig. 1. Synthetic procedure for (A) Ag@MSNs and (B) Ag@MSNs-Tf.

Fig. 2. TEM micrographs of Ag@MSNs (A and B), Ag@MSNs-COOHy (C) and Ag@MSNs-Tf (D)
materials at different magnifications. EDS analysis of Ag@MSNs is shown as an inset in A.
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Fig. 4. Differential cellular internalization evaluated on HepG2 and MC3T3-El cells exposed to 50
pg/mL of Ag@MSNs or Ag@MSNs-Tf for 24 h. Data were analyzed by ANOVA followed by
Bonferroni’s multiple-comparison test. Statistical significance: **** p<0.0001.
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Fig. 5. (A) Cell viability of HepG2 cells exposed to different concentrations (10, 15 and 25 pg/mL) of
MSNs-Tf or Ag@MSNs-TT for 72 h. (B) Percentage of HepG2 dead cells after treatment to different
concentrations of MSNs-Tf and Ag@MSNs-Tf (10 and 25 pg/mL) for 72 h. Data were analyzed by
ANOVA followed by Bonferroni’s multiple-comparison test. Statistical significance: ** p< 0.01. ***
p<0.001. **** p<(0.0001.
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Fig. 6. Circulating monocytes activation (upper row): (A) representative gating strategy for monocytes
analysis (blue) by flow cytometry; (B) bar graphs represent fold increase of Mean Fluorescent
Intensity (MFI) for CD16 (left panel) and CD11B (right panel) surface markers on monocytes after
nanoparticles insult. To normalize the data, a negative control without nanoparticles was used to
calculate the ratio. Values represent mean + SD of a minimum of 3 healthy donor. Platelet activation
(bottom row): (C) representative real time curves of citrate platelet rich plasma (PRP) after
nanoparticles insult or soluble agonists such as epinephrine (black curve) or thrombin-like peptides
(red curve); (D) graph represents the percentage of platelet sedimentation after being in contact with
different nanoparticles at scaled doses.
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Fig. 7. (A) Cell cycle pattern analyzed by flow cytometry and (B) mRNA levels of genes related to
cell cycle regulation of HepG2 cells treated with 10 pg/mL of Ag@MSNs-Tf for 72 h. Untreated
HepG2 cells were used as control. Data were analyzed by ANOVA followed by Bonferroni’s
multiple-comparison test. Statistical significance: “ns” non-significant; *** p<0.001; **** p<0.0001.
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Fig. 8. Expression levels of (A) cell cycle-related proteins, (B) pro-apoptotic proteins and (C) defense
proteins of HepG2 cells treated with 10 pg/mL of Ag@MSNs-Tf for 72 h. Untreated HepG2 cells
were used as control. Data were analyzed by ANOVA followed by Bonferroni’s multiple-comparison

test. Statistical significance: “ns” non-significant; * p<0.05; **p<0.01; *** p<0.001, **** p<0.0001.
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Fig. 9 Illustration of (A) cell cycle-related apoptosis, (B) pro-apoptotic and (C) cellular defense
mechanisms involved in the action exerted by Ag@MSNs-Tf nanosystems on HepG?2 cells.
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