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ABSTRACT

Mesoporous silica nanoparticles (MSNs), based on the MCM-41 matrix, were functionalized with
amino groups, and then with hyaluronic acid (HA) or chitosan (CHIT) to fabricate bioactive
conjugates. The role of the functional groups towards cytotoxicity and cellular uptake was
investigated using 3T3 mouse fibroblast cells. A very high biocompatibility of MSN-NHz2, MSN-HA
and MSN-CHIT matrices was assessed through the MTS biological assay and Coulter counter
evaluation. No significant differences in cytotoxicity data arise from the presence of different
functional groups in the investigated MSNs. Fluorescence microscopy experiments performed using
fluorescein isothiocyanate-conjugated MSN-NH2, MSN-HA and MSN-CHIT, and transmission
electron microscopy experiments performed on slices of the investigated systems embedded in epoxy
resins give evidence of significant differences due to type of functionalization in terms of cellular
uptake and stability of the particles in the biological medium. MSN-NH, and MSN-HA conjugates
are easily internalized, being the uptake of the -HA functionalized much higher than that of the -NH>
functionalized MSNs. Differently, MSN-CHIT conjugates tend to give large aggregates dispersed in
the medium or localized at the external surface of the cell membranes. Both fluorescence microscopy
and TEM images show that the MSNSs are distributed in the cytoplasm of the cells in the case of
MSN-NH, and MSN-HA, whereas only few particles are internalized in the case of MSN-CHIT.
Flow cytometry experiments confirmed quantitatively the selectively high cellular uptake of MSN-

HA particles.
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1. Introduction

Functionalization of materials is an art and has become a must in the development of smart
nanodevices for a huge variety of applications, particularly in the challenging topics related to
nanomedicine.’ Indeed the design of a drug delivery formulation, and the fabrication of composite
materials for either tissue engineering or theranostic, and stimuli responsive drug carriers, should
carefully consider the nature of biological barriers. A favorable interaction between an external
object and biological entities is addressed by bioadhesion processes which, at a nanoscopic level, can
be regarded as a molecular recognition event. Therefore, as described by Gagner et al.>,
nanomaterials for biomedical applications require suitable functionalization to favor the interaction
with the biomolecules. An increased awareness of the involvement of glycoproteins and
oligosaccharides in many molecular recognition/inhibition biological processes has addressed the
fabrication of bio-conjugates functionalized with saccharide biopolymers, proteins and peptides.®’ In
this context several recent works have considered functionalized mesoporous silica nanoparticles
(MSNs) as a very promising matrix to build a hybrid organic-inorganic bio-conjugate which can
modulate weak, but very important, interactions that play significant roles in biology, those that occur
when proteins bind to extracellular carbohydrates. Such protein-carbohydrate interactions are
essential participants in many physiological cell-cell recognition processes, including fertilization,
bacterial and viral pathogenesis, and the inflammatory response.®!°

Ordered mesoporous silica-based functional materials have raised great interest since their discovery
in the nineties because of the easiness and the flexibility of the synthesis, the reproducibility of the
texture, and of the morphology.!! Besides the easy synthesis, other intrinsic peculiar features such as
high surface area, uniform pore size distribution, high pore volume as well as the wide possibility to
introduce functional groups have attracted an extraordinary interest on these materials.

In the last 20 years several different long-range ordered structures such as hexagonal, cubic or
lamellar have been built.*? Several research groups have produced interesting advances in the use of

silica materials for nanomedicine applications.}>*1314 Another interesting feature is the fact that the
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silica-based ordered mesoporous materials display a high propensity to selectively adsorb proteins,
peptides and enzymes.>7 This was clearly demonstrated through peculiar TEM experiments based
either on a standard immunochemical method*® or a silver enhancement procedure.®

In the last few years we have explored the peculiarities of ordered mesoporous materials to pursue a
deep knowledge on the different interactions occurring between charged interfaces such as silica
matrices and proteins. Particularly, we investigated the role of pH and ionic strength as well as
specific electrolyte effects on the adsorption on, and the release from SBA-15 silica matrices of
lysozyme.®> 17 Indeed proteins undergo dramatic specific ion effects in the presence of both weak
(buffers) and strong electrolytes.?>2 These findings highlighted the important role of weak and
strong electrolytes when dealing with charged inorganic surfaces or proteins in relation to the
complex nature of biological fluids. However, it should be remarked that non functionalized silica
particles generally show very high toxicity, up to death, when injected in vivo via intravenous or
intraperitoneal administration route.?* Only subcutaneous injections were recognized as generally
safe. Substantially, at present the use of MSNs is limited to the fabrication of drug depot systems or
to bone regeneration treatments.*42-?" Remarkably, the role of biological fluids has not yet deeply
been investigated. As emphasized by many authors®?>?%-2? functionalization of MSNs constitutes a
solid possibility not only for specific cell targeting but also for reducing toxicity and improving
biodistribution.3® To this aim functionalization based on bioactive moieties such as biopolymers and
polyelectrolytes was shown to be a very promising choice.®* Very recently we analyzed the
adsorption of lysozyme on hyaluronic acid functionalized SBA-15.%° The experimental findings
suggested that a high level of functionalization of the silica surface almost prevents lysozyme
adsorption whereas a low degree of functionalization of the silica allows for a large lysozyme
adsorption. Interestingly, it was ascertained that during enzymatic degradation of HA-drug
conjugated systems CD44 receptors favor the internalization of HA-conjugated nanoparticles by cells
that enable intracellular delivery of drugs.®®3 Focusing on functionalizations based on

polysaccharides, it is worth mentioning that pH-responsive alginate/chitosan MSN conjugates allow
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for drug release as pH decreases. This turned out to be very useful for tumor chemotherapeutics
delivery both in vitro and in vivo experiments.® In addition, it was found that anticancer drugs loaded
inside MSNs end-capped with chitosan can be released and internalized in tumor cells not only
because of acidic pHs but also as a result of the high concentration of lysozyme, produced in large
excess by cancer cells.® Indeed chitosan is easily hydrolyzed into monomers either by acidic pHs or
by the catalytic activity of lysozyme, afterwards the drug can be released. In that case a dual stimuli-
responsive drug carrier was fabricated.

This work focuses on MSNs based on MCM-41 matrices functionalized either with hyaluronic
acid (HA) or chitosan (CHIT) and on the evaluation of their cytotoxicity towards 3T3 mouse
fibroblast cell lines. As reported in recent works,**~*® the functionalization with HA and CHIT should
produce MSNs characterized by negative and positive charged interfaces respectively, at
physiological pHs. However it should be remarked that many changes can occur when particles get in
contact with biological environments. Particularly, the role of the composition of the growing media
for cell proliferation on the particle surface charge can become a very complex task. Indeed, here we
will demonstrate that cell internalization of functionalized MSNSs strongly depends on the type of
functionalization. In this context it is worth citing a recent paper by Treccani et al.** where the

interaction between biological fluids and charged particles was carefully investigated.

2. Materials and Methods

2.1 Chemicals

Tetraethoxysilane (TEOS, 98%), hexadecyltrimethylammonium bromide (CTAB, > 99 %),
anhydrous toluene (99.8 %), 3-aminopropyl-triethoxysilane (APTES, > 98 %), triethylamine (> 99
%), hyaluronic acid sodium salt from Streptococcus equi (cod. 53747), chitosan (cod. 740063, MW
60-120 kDa), NaH2PO4 (99 %), Na2HPO4 (99 %), fluorescein isothiocyanate (FITC) were purchased
from Sigma-Aldrich (Milan, Italy). N-hydroxysuccinimide (NHS, > 97 %), and N-(3-

dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC, > 98 %) were purchased from
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Fluka. 3T3 were cultured in complete medium: DMEM (#6429,Sigma-Aldrich) supplemented with
10% fetal bovine serum (#F6178,Sigma-Aldrich), 1 uM L-glutamine (#G7513,Sigma-Aldrich), 100
U/mL penicillin and 100 ug/mL streptomycin (#4333,Sigma-Aldrich). MTS: CellTiter 96® AQueous

One Solution Reagent (#G3581, Promega).

2.2 Synthesis of Mesoporous Silica Nanoparticles (MSNSs).

1g of CTAB was dissolved in 480 g of Millipore water at room temperature by using an overhead
stirrer. A volume of 3.5 mL of NaOH (2 M) was added to the surfactant solution, the temperature was
then increased at 80°C and, after 2 h, 6.7 mL of TEOS were added drop wise. The solution was
stirred for other 2 h and then the resultant white precipitate was collected by vacuum filtration and
dried overnight at room temperature. The removal of CTAB surfactant was carried out by weighing
1.0 g of the synthesized material and adding 100 mL of a methanolic solution with 0.75 mL
hydrochloric acid (37%) and stirring for 6 h at 50 °C. The mesoporous silica nanoparticles (MSNSs)
were then recovered via filtration and dried under vacuum at room temperature.*>*¢ The grafting of
the amino group on the surface of the MSNs was carried out by dispersing 1 g of the sample in 30
mL of anhydrous toluene and then by adding dropwise 1.0 mL of APTES. The dispersion was heated
under reflux for 15 h. The resulting MSN-NH> sample was collected by filtration, washed with

acetone, and dried overnight at room temperature under vacuum.

2.3 Functionalization and characterization of MSN-NH: particles

2.3.1 Functionalization of MSNs with Hyaluronic Acid (HA). A mass of 100 mg of MSN-NH:>
sample was dispersed in 100 mL of millipore water. In another reaction vessel, 20 mL of an aqueous
solution containing NHS (0.37 g) and EDC (0.2 g) was mixed with 60 mL of an aqueous solution
containing 113 mg of HA. The two solutions were mixed and the pH was adjusted to 9.0 by adding

triethylamine. Finally, the mixture was stirred at 38°C overnight. The HA-modified MSNs (MSN-



HA) were collected after centrifugation, three washings with millipore water, and dried under
vacuum and at room temperature overnight.®*

2.3.2 Functionalization of MSNs with chitosan (CHIT). Chitosan has a free aminogroup per unit of
sugar. The grafting of the chitosan biopolymer to MSN-NH2 was achieved by linking the amino
groups of both the biopolymer and the particles with glutaraldehyde bifunctional reagent. 0.1g of
MSN-NH: sample were soaked for 1 h in a solution composed by 100 pL of aqueous glutaraldehyde
(50%) and 2.5 mL of 0.1 M phosphate buffer solution (pH 7.5). The activated material was washed
for three times under stirring with the same buffer (2.5 mL), centrifuged and the supernatant was
removed through a Pasteur pipette. The MSN-NH: dispersion was then mixed with a suspension of
chitosan containing 50 mg of chitosan in 2.5 mL of 0.1 M buffer solution at pH 8. The mixture was
gently stirred overnight at 25°C and then the material was collected by filtration and washed with a
slightly acid buffer solution (pH = 6) to remove the excess of chitosan. The material was dried under
vacuum and at room temperature overnight.

2.3.3 Labelling of MSN-NH2, MSN-HA, and MSN-CHIT with FITC. A mass of 20 mg of MSNs
(MSN-NH2, MSN-HA, MSN-CHIT) was suspended in 3 mL of millipore water, and mixed with 5
mL of a 0.3 mg/mL FITC ethanol solution. The suspension was stirred at room temperature in dark
conditions for 6h and the particles were centrifuged, then washed three times with ethanol. The FITC

labelled particles were used for fluorescence microscope observations and flow cytofluorimetry.3

2.3.4 Physico-chemical characterization of functionalized MSNs. Thermogravimetric analysis
(TGA) was carried out on a Mettler-Toledo TGA/STDA 851. Thermal analysis data were collected in
the 25—-1000 °C range, under oxygen flow (heating rate = 10 °C-min?*; flow rate = 50 mL-min1).
The hydrodynamic diameter and the zeta potential of MSNs were measured using a Zetasizer nano
ZSP (Malvern Instruments) in backscatter configuration (6 =173°) at laser wavelength of A = 633 nm.
The scattering cell temperature was fixed at 37°C and the data were analyzed with the Zetasizer

software 7.03 version. For both zeta potential and DLS measurements the sample was prepared by
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suspending MSNs (1 mg/mL) in filtered (0.2 um polypropylene filter, Whatman) milliQ water.
Samples were sonicated for 30 min and left under agitation overnight. Samples were sonicated for

other 30 min and then the measurements were carried out.

2.4 Biological methods

2.4.1 In vitro viability assay. Cytotoxicity of MSNs was determined by the MTS assay. 3T3 mouse
fibroblast cells were cultured in complete medium at 37°C in a 5% CO> humidified environment. 3T3
cells were plated at a density of 3x105/mL in 96-well plates for 24 hours, and then incubated with
serial concentrations of MSN-NHz, MSN-HA, and MSN-CHIT (from 200 pg/mL to 6.2 pg/mL),
(t=0). After 24 hours, MSNs were removed and replaced with fresh complete medium. Cell viability
was quantified by adding 20 uL of Cell-Titer 96 Aqueous One Solution Reagent (MTS) to the
cultures for 2 hours at 37°C, immediately (t = 24h), then after 24 (t =24h+24h) and 48 (t = 24h+48h)
hours after MSNs removal. Samples were read at A = 490 nm for colorimetric assessment. All the
experiments were performed at least in triplicate for each group.

2.4.2 Cell growth curve. 3T3 cells were plated 4x104/mL in 12-well plates. The day after (t=0) cells
were treated with 100 pg/mL of MSNs for the analysis of cell growth. After 24 hours MSNs (MSN-
NH2, MSN-HA, and MSN-CHIT) were removed, and cells were cultured with fresh medium. Cell
counts were performed immediately (t = 24h), then after 24 (t =24h+24h) and 48 (t = 24h+48h)
hours after MSNs removal, using a Beckman Coulter counter. All the experiments were performed at
least in triplicate for each group.

2.4.3 Intracellular uptake through fluorescence microscopy. 3T3 cells were plated at a density of
3x10°/mL on glass coverslips. After 24 hours from seeding, cells were incubated with 100 pg/mL
FITC-labeled MSN-NH2, MSN-HA, and MSN-CHIT for 24 hours. After treatment, MSNs were
removed and cells maintained in fresh complete medium for further 24 hours. Then, cells were

washed with PBS, stained for 30 minutes with Hoechst dye 33342 for nuclei, and observed using an



Olympus BX41 fluorescence microscope equipped with an appropriate filter for FITC detection
(Aex= 490 nm; Agm= 517 nm).

2.4.4 Intracellular uptake through flow cytometry. 3T3 cells, after treatment with FITC-labeled
MSNs as described above, were dissociated by 0.25% trypsin/EDTA and resuspended in PBS. MSN
uptake was analyzed using a BD FACSCANTO II flow cytometer (Becton Dickinson Biosciences,
CA). At least 10,000 cells were analyzed in each sample. Cells without nanoparticle treatment were

used as controls.

2.5 Transmission Electron Microscopy

Samples of 3T3 cells were treated with 100 pg/mL of MSN-NH,, MSN-HA, and MSN-CHIT for 24
hours. After treatment, MSNs were removed and cells maintained in fresh complete medium for
further 24 hours. Then, cells were fixed for 2 hours in a mixture of 1%(para)formaldehyde (Electron
Microscopy Sciences) and 1.25% glutaraldehyde (Electron Microscopy Sciences) in 0.1 M sodium
cacodylate (Electron Microscopy Sciences) buffer (pH 7.4). Cells were rinsed in the same buffer after
fixation, postfixed in 1% osmium tetroxide for 1h and finally stained in aqueous uranyl acetate 0.25%
overnight at 4°C. The next day the cells were processed by standard methods for embedding in epoxy
resin.’ In detail they were dehydrated in a graded series of ethanol and xylene and infiltrated
overnight in Epon 812/xylene mixtures at room temperature. Cells were finally embedded in pure
Epon 812 resin, transferred to dry beam capsules or flat embedding molds previously filled with
embedding medium and polymerized in a oven at 60°C for 24 hours. Embedded cells were trimmed
and sectioned after the resin blocks returned to room temperature. Ultrathin sections of the above
samples (60-90 nm thick) were cut with a LKB ultratome 8800 ultramicrotome and collected on
formvar-coated grids. They were post-stained with uranyl acetate and bismuth subnitrate, washed
three times with distilled water and finally observed and photographed in a transmission electron

microscope (JEOL 100S model, Tokyo, Japan) operating at 80 kV.



3. Results

3.1 Characterization of functionalized MSNs

Mesoporous silica nanoparticles (MSNs) were synthesized according to Yu et al.3* A detailed
characterization of MSN is reported in Figure S1 in the supporting information file. It includes the
textural characterization (Figure S1A-B) obtained by the nitrogen adsorption/desorption isotherms
which allowed to measure the surface area (Sger = 1193 m?/g), pore volume (Vp = 0.87 cm®/g) and
the maximum of pore size distribution (dp = 22 A). The structural characterization was carried out by
means of small angle X-rays scattering (Figure S1C) and transmission electron microscopy (Figure
S1D). Both techniques confirm the occurrence of the hexagonal array of pores the synthesized
MSNSs. Additionally, the TEM image in Figure S1D allows to estimate a particle size in the range
100-130 nm.

Scheme 1 summarizes the steps involved in the functionalization of MSNs. A reaction with
aminopropyltriethoxysilane (APTES) introduces the amino group on the surface. This group is
needed for the subsequent functionalization steps with hyaluronic acid (HA) and chitosan (CHIT)
respectively. HA binding requires the use of two additional reagents, namely NHS and EDC.% CHIT
binding was carried out similarly to what currently done in the covalent immobilization of enzymes
on solid supports* using glutaraldehyde, a bifunctional reagent, which is able to react with the amino

groups of MSN-NH> and those of chitosan biopolymer.
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Scheme 1. Steps involved in the functionalization of mesoporous silica nanoparticles (MSNs) to
obtain amino- (MSN-NH>), hyaluronic acid- (MSN-HA), chitosan- (MSN-CHIT) and fluorescin
isothiocyanate- mesoporous silica nanoparticles.

Functionalization of MSNs was proved by means of thermogravimetric analysis (TGA). Figure 1

compares the percentage mass loss profiles as a function of temperature for functionalized MSNs.
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Figure 1. Percentage mass loss profiles as a function of temperature for functionalized MSNs (MSN-
NH2, MSN-HA, and MSN-CHIT).

The values of partial mass loss below and above 200 °C are reported in Table 1. For temperatures
below 200 °C, a mass loss of 4.9% is obtained for MSN-NH particles. This mass loss can be
ascribed to the removal of humidity and to the condensation of surface silanols. Above 200 °C the

mass loss is due to the burning of organic groups. At T > 200 °C a Am = 5.0%, is obtained for MSN-

NH2. The functionalization with HA produces mass loss of about 7% for both MSN-HA and MSN-
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CHIT at T<200°C. Instead, at T>200°C Am is 13.1% for MSN-HA and of 26.7% for MSN-CHIT,
respectively. The higher mass loss found for MSN-CHIT respect to MSN-HA suggests that the
former sample has a higher degree of grafted biopolymer compared to the latter.

Additional characterization of the functionalized samples was carried out through FTIR
spectroscopy. Figure S2 compares the FTIR spectra of MSN-NH> with those of MSN-HA and MSN-
CHIT and the text in supporting information gives a description of band assignment. Substantially,
TGA and FTIR techniques confirm the success of the functionalization procedure.

Table 1. Characterization of functionalized MSNs by means of TGA (Am%), zeta potential (£) and
hydrodynamic diameter (dn).

TGA (Am %) MilliQ water Cell culture medium
Sample <200 °C >200°C {(mV) du(nm)-Number {(@mV) du (nm)-Number
MSN-NH: 4.9 50 9.740.8 126+2 -11.3+0.6 13142
MSN-HA 7.0 13.1 -7.2+0.8 156+3 -10£1 138+1
MSN-CHIT 7.1 26.7 40+1 169+3 -6.7+0.9 157+4

These functionalizations are expected to produce differently charged MSNs. Particularly once
dispersed in an aqueous medium, positive charges for MSN-NH2 and MSN-CHIT, and negative
charges for MSN-HA surfaces would occur. This was confirmed by zeta potential measurements
(Table 1). Indeed the values of { are positive (9.7£0.8 mV) for MSN-NH: but changes sign after
functionalization with HA (-7.2+£0.8 mV). Finally, the functionalization with positively charged
polymer chitosan makes the nanoparticles even more positively charged (401 mV). This would
result in a very highly stable suspension in distilled water. Similar measurements carried out using
the cell culture medium as particle dispersant. This was done since one of the main aims of the work
was the evaluation of the interactions between the different MSNs and the 3T3 mouse fibroblast
cells. Thus, functionalized MSNs were prepared using the cell culture broth as dispersing medium.
This medium is constituted by high glucose DMEM, 10 v% Fetal Bovine Serum and 0.5 v%
antibiotics, and any attempt to measure the zeta potential of our MSNs failed: both medium and

MSNSs, independently of the functionalization, gave a zeta potential around -10 mV as already
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observed by Treccani et al.** These findings are clearly related to the complexity of the culture
medium, particularly to the high ionic strength and to the presence of DMEM amino acids and FBS
proteins which can adsorb at the particle surface and, eventually, form a protein corona.>#

The functionalized particles were characterized with dynamic light scattering for the determination of
the hydrodynamic diameter, du, (Table 1 and also Figure S3 in Supporting Information) both in
MilliQ water and cell culture medium. In MilliQ water, the size (dn) of MSN-NH; is 1262 nm and
becomes 156£3 nm (MSN-HA) and 169+3 nm (MSN-CHIT) after biopolymer functionalization. This
size increase is consistent with a successful functionalization of mesoporous silica nanoparticles. In
the cell culture medium, the size of the MSNs is not significantly different for MSN-NH>, whereas it
is slightly lower for MSN-CHIT (157+4 nm) and even lower for MSN-HA (138+1 nm). A possible of
explanation is that the electrolytes occurring in the culture medium, besides to affect the measured
zeta potential, also play a role to decrease the hydrodynamic diameter of the biopolymer-
functionalized MSNSs.

Figure 2 shows the TEM images at low magnification of the functionalized MSNs. We observe that
there is a good correspondence, at least at qualitative level, between particle sizes obtained with DLS

and TEM techniques.
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Figure 2. TEM images of functionalized MSNs. A,B) MSN-HA; C,D) MSN-CHIT.

In order to improve the ultrastructural details of functionalized particles by standard transmission
electron microscopic techniques, we have treated nanoparticles with phosphotungstic acid solution.
To date, the phosphotungstic acid staining is a rapid and easy method employed during electron
microscopic investigations of isolated particles,® virus,>® and organelles,® that usually appear
brilliant in a amorphous electron-dense layer. As negative staining, it mainly allows the analysis of
the superficial details of nanoparticles and individual macromolecules at electron microscopy level.

After treatment with phosphotungstic acid solution we observed the presence of an electron lucent
halo surrounding the MSN-HA and the MSN-CHIT particles (Figure S4). That halo was not observed
for MSN-NHo.. Although the nature of the electron lucent halo detected on the above particles needs
to be completely ascertained by additional and more specific EM counterstaining techniques, its

presence could be ascribed to the HA and CHIT functionalization processes respectively.
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3.2 Cell viability and Counts

The effect of MSNs on 3T3 cell viability and proliferation profiles were evaluated using MTS assay
and Coulter counter assay. Cell viability was measured after exposure to different concentrations of
MSN-NHz, MSN-HA, or MSN-CHIT for 24 hours. Figure 3 shows the viability measured with
respect to controls (%) for concentrations of MSNs up to 200 pg/mL. Figure 3A shows the viability
determined immediately after MSNs removal. Figures 3B and 3C show the viability measured after
MSNs removal for 3T3 cells allowed to grow in the medium for other 24 or 48 hours, respectively.
The experiments performed immediately after MSNs removal show a small decrease of viability with
the lowest concentrations of MSNs (Figure 3A). On the contrary, no decrease of cell viability was

observed for experiments carried out after 24 or 48 hours (Figures 3B-C).
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Figure 3. Effect of MSN-NH2, MSN-HA, and MSN-CHIT on the viability/proliferation of 3T3 cell
line incubated with the different MSNs for 24 hours. Viability measurement through MTS assay: A)
immediately after MSNs removal; B) 24 hours after MSNs removal, and C) 48 hours after MSNs
removal according to the protocol in par. 2.4.1.Values are expressed as percentage of control wells
containing culture medium without MSNSs. Results represent the mean + standard deviation of three
independent experiments.

In addition, we note that viability measured for MSNs concentration of 200 pg/mL becomes very
high compared to control, particularly for MSN-HA 24 h after MSNs removal (Figure 3B), and for
all MSNs when cells are left to grow in the medium for 48 hours after MSNs removal (Figure 3C).
We can suggest that MTS assays are commonly used, and certainly reliable in relation to the
evaluation of biocompatibility, but more at a qualitative rather than at a quantitative level. However

these findings confirm the good safety of MSNs used in this study towards 3T3 fibroblast cells.
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Indeed, it has been suggested that the presence of inorganic objects such as our MSNs (particles
internalized or located on the cell membranes), may originate interference with the colorimetric assay
as observed by Bancos et al.>® Clearly the MTS assay can prove the general viability but, at a
quantitative level, cell counts are more reliable. The experiments of cell counts were performed using
the same conditions used for MTS assay in terms of contact time and following measurements. The
MSNSs concentration of 100 pg/mL was considered. Figure 4 shows the results of cell counts obtained
for the different MSNs compared to the control. All measurements were performed in triplicate, and
the quantitative results demonstrate again the safety of our MSNs, and also the fact that the highest
growing speed of the cells is observed when cells are left to grow for 24 h after the incubation with
MSNs. It is remarkable that both cytotoxycity and cell proliferation are not influenced by the type of

functionalization of the MSNs.
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Figure 4. Effect of MSN-NH2, MSN-HA, MSN-CHIT, and controls on the proliferation capacity of
3T3 cell line incubated with the different MSNs for 24 hours, and then left in contact with the culture
medium for different times. Cell count: A) number of cells before treatment (t=0); B) number of cells
immediately after MSNs removal (t = 24h); C) number of cells 24 hours after MSNs removal (t =
24h+24h); D) number of cells 48 hours after MSNs removal (t = 24h+48h) according to protocol in
par. 2.4.2

3.3 Intracellular uptake. The cellular uptake performance of the MSNs was visualized by
fluorescence and transmission electron microscopes. Figure 5 shows the fluorescence microscopy
panels of 3T3 cells incubated with the FITC-labeled MSNs for 24 hours, afterwards MSNs were

removed, and cells were left to grow in the culture medium for 24 hours before performing the
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fluorescence microscopy analysis. Differently from the proliferation experiments, the cellular uptake

performance depends significantly on MSN functionalization.

Figure 5. Internalization of MSNs using fluorescence microscopy. Images at different magnification
(bars: left side 200 um, right side 50 um) of 3T3 mouse fibroblasts incubated for 24 hours with 100
png/mL of MSNs, and then left to grow for other 24 hours in the culture medium (see par. 2.4.3).
Panel A-B: MSN-NH3, Panel C-D: MSN-HA, Panel E-F: MSN-CHIT. Blue: nuclei (Hoechst assay);
green fluorescence: FITC-MSNs.

Indeed, we observed that about half of the cells incubated with FITC-MSN-NH: display significant
amounts of internalized MSNs (Figure 5A, B), almost all the cells incubated with FITC-MSN-HA
display high amounts of MSNs in their cytoplasm (Figure 5C, D), whereas only few cells incubated

with FITC-MSN-CHIT show a very low number of internalized MSNs (Figure 5E, F). Indeed FITC-
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MSN-CHIT nanoparticles tend to form large aggregates outside or over the cells as demonstrated by
the presence of big fluorescent spots in Figure 5 E and 5F.

The qualitative observations of fluorescence microscopy were supported by flow cytometry analysis
that determined the cellular uptake of FITC-MSNSs into 3T3 cells by the incorporated fluorescence
intensity. Figure 6 shows representative flow cytometry assessment of controls cells and cells
treated with FITC-MSN-HA, indicating a very efficient uptake of nanoparticles. FITC-MSN-HA
were efficiently internalized by all the cells, whereas the uptake of FITC-MSN-NHzwas lower, since
about 79% of cells were FITC positive. Finally, the uptake of MSN-CHIT is not shown since
unreliable results due to the formation of big aggregates into the cell culture medium were obtained.

However, this behavior is consistent with what observed in Figure 5E-F.

NT
NH2
HA

Count
100 150 200 250 300 350

50

0

Figure 6. Flow Cytometry (G): Histogram plot of control cells (red) and cells incubated with FITC-
labeled MSN-NH: (blue) or MSN-HA (green).

3.4 Electronic microscopy

Electron microscopy analysis confirmed and extended the results obtained by means of fluorescence
microscopy. TEM highlighted at ultrastructural level significant differences in the morphological
events that occurred in 3T3 cell cultures after exposure to the different types of functionalized MSNSs.
Figure 7 shows some significant TEM images (see also Figure S5 in Supporting Information). In
detail, 3T3 cells following MSN-NH> treatment exhibited only few cytoplasmic vesicles containing

MSN particles (Figure 7 A,B). Differently, 3T3 cells treated with MSN-HA particles exhibited a
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unique morphology of their cytoplasm that was mainly characterized by the presence of a large
amount of vesicles filled with MSN-HA particles (Figure 7 C,D). In both samples the vesicles were
delimited by a single membrane with size up to 1-2 um in diameter (Figure 7 A-D), suggesting an
internalization by endocytosis. Although most internalized MSNs were seen to be confined inside the
cytoplasmic vesicles, additional MSNs particles were found free in the cytosol. In contrast, MSN-
CHIT particles exhibited a significant different pattern in 3T3 cells, where they were often observed
strictly associated to the external cell surfaces or forming large aggregates in the culture medium
(Figure 7 E,F). Occasionally, very few MSN-CHIT particles were internalized in the cytoplasmic
compartment (Figure 7 F). Moreover, in all 3T3 samples examined in this study nucleus was always
found devoid of MSNs particles that remained restricted to the cytoplasmic compartment. The higher
resolving power of the TEM technique highlighted the cell structure of the 3T3 cells incubated with
MSNs particles. Independently of the type of functionalized MSNs used, the typical cell
ultrastructure was preserved, being characterized by well developed Golgi apparatus, endoplasmic
reticulum and mitochondria. No significant morphological alterations were detected when compared

to control samples (see Figure S6 in Supporting Information).
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Figure 7. Electron micrographs of mouse fibroblasts 3T3 incubated for 24 hours with 100 pg/ml of
MSNSs, and then left to grow for other 24 hours in the culture medium before the other treatments (see
par. 2.5). Panel A-B: MSM-NH2, Panel C-D: MSN-HA, Panel E-F: MSN-CHIT. Arrows and
arrowheads indicate internalized MSN-NH. and MSN-HA nanoparticles, respectively. N= nucleus.
Additional TEM images are shown in Figure S5 (Supporting Information).

4. Discussion

As demonstrated by fluorescence microscopy, TEM images also document the significant
dissimilarities in the MSNs patterns that take place in 3T3 cells following treatment with the different
functionalized MSNs. The type of functionalization does not seem to affect the cellular architecture
of the 3T3 mouse fibroblasts that was always well preserved and characterized by the presence of
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well-developed cellular organelles. This agrees with the cell viability experiments. However, the
different amounts of MSNs particles internalized in the cytoplasm of 3T3 cells following a specific
MSN treatment point out the significant role of the functionalization groups of the MSNs in the
cellular uptake. Both fluorescence and electron microscopy demonstrate that 3T3 cells can easily
internalize MSN-HA particles much more efficiently than functionalized MSN-NH2, suggesting a
specific uptake, probably via hyaluronic acid receptor mediated endocytosis. These marked
differences can be explained considering that a variety of cellular mechanisms regulate the
interactions of the plasma membrane with the external materials. The endocytosis is a complex
process that controls not only the internalization of extracellular materials but also the expression of
specific cell-surface receptors and is deeply involved in the cellular trafficking of macromolecules
and particles through the cellular compartments.>® The unique biological properties of hyaluronic
acid may account for the high biocompatibility of MSN-HA with 3T3 cells. Hyaluronic acid is an
ubiquitous extracellular matrix component® synthesized by fibroblasts, whose interaction with its
specific cell surface receptor CD44 mediates a wide range of physiological roles including cell
adhesion and migration.>®

In the present work, although the cellular mechanisms involved in MSNs internalization cannot
clearly be ascertained, we may point out some considerations. The cytoplasmic vesicles visualized by
electron microscopy in 3T3 cells represent the cellular organelles that participate in the intracellular
trafficking of MSN particles, being one of the steps of the sorting process that takes place soon after
internalization. Moreover, we observed some MSNs that are not encapsulated into vesicles,
suggesting that they are able to escape from the endocytic system and translocate into the cytosol.

In contrast, MSN-CHIT particles are strictly associated to the external cellular surfaces or dispersed
as large aggregates in the culture medium, and only occasionally, are able to penetrate the cells. The
low rate of intracellular uptake of MSN-CHIT may be ascribed to the large size of aggregates that

cannot be endocyted by 3T3 cells.
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However, although their inefficiency to penetrate the cellular compartment, the peculiar pattern that
MSN-CHIT particles exhibit at the electron microscopic level raises interesting questions concerning
their possible biological properties and function. The MSN-CHIT affinity for the external cellular
surfaces clearly depends on the specific physico-chemical properties of both chitosan and plasma
membrane and could account for a potential role of chitosan in the modulation of the cellular
adhesion to synthetic substrates. Lately, the growing interest in the development of biologically
active coatings has led to significant improvements in the design of specific scaffolds for tissue
engineering and new hypothesis are coming forth.52% The fluorescence and TEM results highlight
the morpho-functional events that characterize the interactions of artificial functionalized substrates
with cell surfaces and represent a first step towards the deep understanding of the mechanisms
involved in this process, but this is only the tip of the iceberg and many questions remain to be

ascertained.

5. Conclusions

MSNs functionalized with amino groups (MSN-NH2) were further functionalized at the external
surface introducing a layer based on hyaluronic acid or chitosan polysaccharides, in order to obtain
stimuli-responsive objects endowed with higher bioadhesion properties than non functionalized
MSNs. The high level of the viability of 3T3 cells, determined through the MTS assay after a contact
with the MSNs for 24 hours, was confirmed by the cell growth curve obtained through Coulter
counter. The whole results clearly assess the high biocompatibility of all types of functionalized
MSNs, without any significant effect due to the different functionalizations. Significant differences
due to type of functionalization were instead observed in the fluorescence microscopy experiments
performed with the FITC-labeled MSN-NH2, MSN-HA and MSN-CHIT which strikingly agree with
the results of TEM experiments. Using an exposure time of 24 h and 100 pg/mL of MSNs, followed
by other 24 h in contact with the culture medium only, different types of interactions between MSNs

and 3T3 cells can be demonstrated: MSN-NH>, MSN-HA are easily internalized (at different extent),
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whereas MSN-CHIT tend to give large aggregates dispersed in the medium or localized at external
surface of the cell membranes. Both fluorescence microscopy and TEM images give clear evidence
that the MSN particles are localized in the cytoplasm in the case of -NH; and -HA functionalizations,
as shown in Figure 5 A,B and 5 C,D, as well as in Figure 7 A,B and 7 C,D. In the case of CHIT
functionalization only few particles are internalized as demonstrated in Figure 5 E,F and Figure 7
E,F. These results permit to emphasize some concluding remarks: i) the importance of the external
functionalization with HA allows for a very large cellular uptake: ii) the external functionalization
with CHIT seems to prevent a massive uptake from 3T3 cells. In principle, it may be suggested that
MSN-CHIT undergo strong interactions with the medium components that, evidently, screens the
original (quite high) positive surface potential (see Table 1) thus resulting in a significant particle
aggregation. In both cases the formation of a serum protein corona may play a role.** These results,
however, do not exclude the usefulness of CHIT functionalization for delivering anticancer drugs to
tumor cells (the acidic pH would favor release as a result of CHIT hydrolysis) since massive adhesion
to cellular membranes occurs as clearly shown in Figure 7F. In addition, the functionalization with
CHIT, that is a positively charged polyelectrolyte, may decrease the retention of MSNs within the
endosome which affects the efficiency of drug release, particularly in the case of sensitive therapeutic
moieties such as proteins, antibodies or DNA fragments. This was ascertained in the case of MSNs
functionalized with the polyethylenimine polymer.®*

In conclusion, the different cellular uptake observed in our in vitro experiments for MSNs
functionalized with HA and CHIT suggests the need of further investigations not only with additional
cell lines, but also a deeper evaluation of the interactions of MSNs with different dispersing media as
well as the most suitable degree of functionalization. Indeed, our functionalized particles may be
regarded as a stimuli-responsive platform to be tuned depending on the medium and type of cells

with which particles are expected to interact.
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