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ABSTRACT

Biomedical application of nanoparticles is largely associated to their fate in biological media which,
in turn, is related to their surface properties. Surface functionalization plays a key role in
determining biodegradation, cytotoxicity and biodistribution through interactions which may be
mediated by the macromolecules occurring in biological media. A typical example is given by
several proteins which lead to the formation of coated nanoparticles referred as protein corona. In
this work we focus on mesoporous silica nanoparticles which, due to their intrinsic textural features,
show potential as carriers for sustained drug release. Mesoporous silica nanoparticles functionalized
by different biopolymers such as hyaluronic acid and chitosan were synthesized and characterized
through small angle x-rays scattering, thermal analysis, and infrared spectroscopy. Biopolymer-
coated mesoporous silica nanoparticles were used to investigate the interaction with bovine serum
albumin, and to point out the role of different biopolymer coating. Gold-conjugated-bovine serum
albumin was used to gain evidence on the occurrence of surface bound proteins enabling direct
observation by transmission electron microscopy. Our findings provide insights on how different
biopolymers affect the formation of a protein corona around functionalized mesoporous silica
nanoparticles.

Keywords: Mesoporous silica nanoparticles, hyaluronic acid, chitosan, bovine serum albumin,
protein corona, gold nano particles.



1. Introduction

Cancer is treated with chemotherapeutic drugs which are able to restrain tumor’s growth but are
also toxic for healthy cells, thus resulting in adverse side effects [1,2]. The use of smart
pharmaceutical formulations, which release the drug at the target diseased tissue only, would permit
to reduce undesired side effects of the chemotherapeutics [3-6]. In this context, researchers are
focusing on nanomaterials as smart carriers for targeted drug delivery and stimuli-responsive
systems, useful for the treatment of cancer [7-13].

Ordered mesoporous silicates, synthesized for the first time in the early 1990s [14], are
nanostructured materials with a big potential in nanomedicine applications [15-20]. Among them
mesoporous silica nanoparticles (MSNs) are likely the best drug carrier candidates for the
realization of innovative pharmaceutical formulations [11,21-24], as a result of their characteristic
textural and structural features. Indeed, their high surface area (up to 1400 m?%g), the narrow
distribution of pore size (1-2 A), and the high pore volume (1-3 cm®/g), allow to load high amounts
of drugs which can then be released with a sustained rate [24-26]. Moreover, the external surface of
MSNs can easily be functionalized with target biomolecules, i.e. proteins/antibodies [27-29],
peptides [30,31] or saccharides [32—34], that can be recognized by receptors overexpressed by
tumor cells [35-37]. Alternatively, these macromolecules can modify their conformation, as a
response to a change of environmental conditions (i.e. pH), thus acting as a stimuli-responsive
system [38,39]. In general, the external functionalization affects MSNs biocompatibility,
biodistribution, pharmacokinetics, particle stability, circulation time, tumor accumulation, cellular
uptake, and therapeutic efficacy [32,40,41]. Relevant examples of biopolymers for the external
functionalization of MSNs surface are offered by hyaluronic acid (HA) and chitosan (CHIT). The
first was used by Zhan et al. to obtain a MSNs-based target system. Indeed, tumor cells overexpress
CD-44 receptors which recognize HA chains promoting HA-functionalized MSNs' endocytosis, and

thus drug internalization in the tumor tissue [1]. CHIT biopolymer, due to its capacity to change
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conformation depending on pH, was used to realize a pH-responsive system that allows for drug
release at the acidic pH of tumor cells [42].

When dispersed in a biological medium, nanoparticles (NPs) seek to lower their surface energy by
adsorbing biomolecules such as proteins, peptides, or glycolipids. This surface layer of
biomolecules, known as the “protein corona” (PC), is due to the physico-chemical interactions
established between the NPs and the biomolecules occurring in the biological fluid [43,44]. The
nature of the PC depends on several NPs features [45], such as, their chemical composition [46],
size [47], shape [48], surface charge [49-51], and hydrophilic/hydrophobic character [49]. PC also
depends on the composition of the biological medium, and on proteins concentration in blood
plasma, temperature, administration route as well as composition of the cell membrane [43,52].
Overall, the formation of the PC on NPs surface modifies their physico-chemical properties [11]
that is, surface charge and hydrophilic/hydrophobic character, thus affecting the fate of NPs in
terms of cellular uptake, [53] and cytotoxicity [54]. Two types of protein corona can occur, the
"hard corona” (HC), characterized by strong interactions between NPs and proteins, and the "soft
corona” (SC) consisting of weakly bound proteins [44,53,55]. The formation of either HC or SC
depends on medium composition including protein concentration, but also on the NPs external
charge, and the affinity of proteins for the NPs surface [52]. Proteins like serum albumins, and
immunoglobulins have high concentrations in the blood, therefore they are initially present in the
SC of NPs, but they can be replaced, at later time, by other proteins which occur with lower
concentrations but show higher affinities toward NPs [56]. These changes of composition in the PC
are known as the "Vroman effect" [56,57]. An important factor for the formation of the protein
corona is the surface charge of NPs. As demonstrated by Shahabi et al. positive MSNs,
functionalized with amine or polyethylene imine, promote the interaction with BSA. On the
contrary neutral or negative MSNs, modified with polyethylene glycol or sulfonate, contrast the

adsorption of BSA due to the establishment of unfavorable interactions [58]. Recently, we
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investigated the different behavior of MSNs functionalized with HA or CHIT (MSN-HA and MSN-
CHIT respectively) toward cell internalization [32]. In vitro studies showed that the MSN-HA were
easily internalized by 3T3 mouse fibroblast cells whereas MSN-CHIT gave rise to large aggregates
in the cell medium which prevented an effective cell internalization. A possible reason of this
behavior is that the components of the cell medium are adsorbed at a different extent on the
functionalized MSNs due to their opposite surface charge. That is negative and positive for MSN-
HA and MSN-CHIT respectively. Albumins are negatively charged at pH 7 (IEP ~ 4.7) and are
abundant in the cell medium. We hypothesized therefore that albumins would adsorb more
effectively on MSN-CHIT than on MSN-HA when forming a PC. This would reduce MSN-CHIT

colloidal stability by promoting aggregation [32].
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Scheme 1. Direct visualization of BSA-GNP conjugates on the surface of biopolymer-modified
MSNs (MSN-HA and MSN-CHIT).

Here the interactions between bovine serum albumin (BSA) with MSN-HA and MSN-CHIT
samples are investigated. The aim of the work is to study a model system which may provide new
insights on the formation of a PC around MSNs functionalized with oppositely charged

biopolymers (HA vs CHIT). To this purpose the adsorption of BSA on differently functionalized



MSNs (MSN-NH,, MSN-HA and MSN-CHIT) was investigated through FTIR, zeta potential, and
thermogravimetric analysis. Finally, gold nanoparticles conjugated to bovine serum albumin (BSA-
GNPs) were used to visualize the bound proteins on MSNs surface by mean of transmission

electron microscopy (Scheme 1).

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 (MW = 90-130 kDa), chitosan (cod. 740063, MW = 60-120 kDa),
NaH,PO4 (99 %), Na,HPO,4 (99 %), hydrochloride acid (37%), and glutaraldehyde (50% aqueous
solution) were purchased from Sigma-Aldrich (Milan, Italy). N-hydroxysuccinimide (NHS, > 97
%), and N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide hydrochloride (EDC, > 98 %) were
purchased from Fluka. Bovine serum albumin conjugated with gold nanoparticles (BSA-GNPs) was

purchased from British BioCell International.

2.2. Synthesis and functionalization of MSNs with HA and CHIT biopolymers

MSNSs were synthesized by a silica precursor (TEOS) and an organic surfactant (CTAB) as reported
in ref.s [25,32]. After surfactant removal MSNs were functionalized with APTES (0.5 mL for 1 g of
MSNSs) with a post-synthesis functionalization [25,32]. The resulting MSN-NH, sample was
collected by filtration, washed with toluene and acetone, and dried overnight at room temperature
under vacuum. HA-grafted MSNs (MSN-HA) were synthesized as described in ref. [32]. Briefly,
an aqueous solution of NHS (0.186 g), EDC (0.113 g) and HA (0.060 g) was added to a dispersion
of 0.5 g of MSN-NH; in water. The pH was adjusted to 9.0 by adding triethylamine and the mixture

was stirred at 38°C overnight. The obtained white powder was centrifuged, washed with water, and



dried under vacuum and at room temperature overnight. CHIT-grafting was carried out as reported
in ref. [32], by adding to a dispersion of 0.5 g of MSN-NH, at pH=7.5 1 mL of aqueous
glutaraldehyde (50%). Then, the obtained red powder was dispersed in an aqueous solution
containing chitosan (0.055 g) and HCI 0.1 M to promote the solubilization of the biopolymer. The
obtained MSN-CHIT was collected by centrifugation, washed with a basic buffer solution (pH = 8),

and dried overnight under vacuum at room temperature.

2.3 Adsorption of Bovine Serum Albumin (BSA)

2.3.1 Adsorption of BSA on MSNs

A mass of 25 mg of MSNs previously functionalized (MSN-NH;, MSN-HA or MSN-CHIT) was
suspended in 5 mL of a 20 mg/mL solution of BSA in 10 mM phosphate buffer saline (PBS)
solution (pH=7.4 and 0.15 M NaCl) for 24 h at 25°C. The powder was centrifuged, washed with
PBS for three times and dried under vacuum at room temperature overnight. These BSA-loaded
materials (MSN-NH;, MSN-HA and MSN-CHIT+BSA) were submitted to FTIR, TGA and light
scattering characterization.

2.3.2 Adsorption of BSA-GNPs on MSNs

A mass of 5 mg of MSNs previously functionalized (MSN-NH;, MSN-HA or MSN-CHIT) was
suspended in 100 uL of BSA-GNPs and 100 uL of 10 mM PBS solution (pH=7.4 and 0.15M NacCl)
and left under agitation for 2 h at 25°C. After supernatant removal the powder was suspended in
100 uL of fresh PBS and 50 uL of glutaraldehyde 50% w/w for fixing the protein to MSNs. The
suspension was gently stirred for another hour at 25°C. The obtained red powder was centrifuged,
washed with PBS and dried overnight under vacuum at room temperature [59]. BSA-GNPs loaded

samples were then used for TEM analysis.

2.4 Characterization of functionalized MSNs



The textural characterization was carried out on an ASAP 2020 instrument, by determining the N,
adsorption/desorption isotherm at 77 K. Before analysis MSN-NH, samples was heated at 110°C at
a rate of 1°C/min under vacuum for 24h, whereas polymer-functionalized sample (MSN-HA and
MSN-CHIT) were outgassed under the same conditions while heating at 40°C for 60 h. The
hexagonal structure was determined by small-angle X-rays scattering (SAXS) analysis. Patterns
were recorded for 1 h with a S3-MICRO SWAXS camera system (HECUS X-ray Systems, Graz,
Austria). CuKo radiation of wavelength 1.542 A was provided by a Genix X-ray generator,
operating at 30 kV and 0.4 mA.

Transmission electron microscopy (TEM) analysis was carried out placing appropriate amounts of
finely ground powder samples onto carbon-coated copper grids that were observed and
photographed by a Hitachi H-7000 microscope equipped with a thermionic gun operating at 100
kV. Digital images were acquired by an AMT DVC CCD camera.

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-min ") using argon as the carrier.

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 analysed with the Zetasizer
software 7.03 version. For both zeta potential and hydrodynamic diameter measurements the
samples were prepared by suspending MSNs (1 mg/mL) in filtered (0.2 um polypropylene filter,
Whatman) millipore water. Before measurements the samples were left under agitation overnight
and sonicated for 30 min.

The surface functionalization was confirmed through Fourier transform infrared (FTIR) studies

conducted with a Bruker Tensor 27 spectrophotometer equipped with a diamond-ATR accessory



and a DTGS detector. A number of 256 scans at a resolution of 2 cm™* were averaged in the spectral

range 4000 cm™ - 400 cm ™.

3. Results and discussion

3.1. Characterization of MSNs

The synthesized MSNs were initially functionalized with APTES to obtain MSN-NH,, and then with
hyaluronic acid (HA) and chitosan (CHIT) biopolymers obtaining MSN-HA and MSN-CHIT samples. The
samples were then characterized through different physico-chemical techniques. Fig. 1A shows nitrogen
adsorption/desorption isotherms. All samples exhibit a typical type IV isotherm with a small hysteresis cycle
at p/p° > 0.9 due to the capillary condensation of nitrogen into the mesopores. Table 1 reports the textural
parameters: the surface area was calculated through the BET method (Sger) [25,60], whereas the pore size
distributions were obtained by the BJH method [25,61]. The hysteresis of the functionalized samples
lies at lower adsorbed nitrogen volumes than the original MSNSs, due to a decrease of pore volume
induced by the functionalization. This is paralleled by the decrease of the pore size as shown in Fig.
1B. SAXS patterns (Fig. 1C) show for all samples an intense peak, due to the reflection of (100)
plane, and two weak peaks due to the reflection of (110) and (200) planes respectively. These
patterns are associated to materials with a hexagonal array of pores. The lattice parameters, a,
shown in Table 1, confirm that both the amino- and the polymer-functionalization do not alter the
ordered structure of the MSNs. TEM micrograph for MSN-NH; (Fig. 1D) shows almost spherical
nanoparticles with size in the range 80-130 nm, and confirms the occurrence of an ordered
hexagonal array of pores. The hydrodynamic diameter (dy) of MSNs samples dispersed in distilled
water at 37°C was measured through dynamic light scattering (DLS). The dy values obtained for the

different MSN samples, reported in Table 1, are in agreement with TEM data.
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Fig. 1. Characterization of MSNs (black), MSN-NH, (red), MSN-HA (green), and MSN-CHIT
(blue) samples: (A) adsorption/desorption N, isotherms; (B) pore size distribution; (C) SAXS
patterns. (D) TEM micrograph of MSN-NH; sample.

Table 1. Surface area (Sger), pore diameter (dgjn), pore volume (V,), and lattice parameter («) and
hydrodynamic diameter (dy) in distilled water at 37°C of MSNs.

Sample SgeT (mz/g) bdDes,BJH (A) CVpDes,BJH (Cm3/9) ‘a (A) *dy (nm)
MSN 1061 26.5 141 454  140%12
MSN-NH> 894 20.6 0.98 45.9 1606
MSN-HA 735 20.6 0.79 454  168%11
MSN-CHIT 623 18.3 0.63 454 186+7

Surface area calculated by the BET method.

®Pore diameter from desorption branch calculated by BJH method.
Pore volume calculated at p/p°=0.99.

dL_attice parameter obtained by SAXS.

*Hydrodynamic diameter obtained by DLS.

FTIR spectra (Fig. 2) show the characteristic peaks of silica materials for all samples. That is, two
intense peaks at 1070 cm™ and 795 cm™ attributed to the asymmetric and symmetric stretching
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vibration of Si-O-Si, respectively. Other two peaks at 965 cm™ and 450 cm™ are related to Si-OH
bending and to the deformation modes of the O-Si-O, respectively. MSN-NH, spectrum shows an
additional peak at 1547 cm™ due to the asymmetric -NH, bending, which confirms the amino-
functionalization. MSN-HA sample displays a peak at 1636 cm™ assigned to C=O stretching
[40,62]. Finally, MSN-CHIT spectrum shows two peaks at 1649 cm™ and 1556 cm™ due to C=N

stretching and the asymmetric bending of amino groups in the biopolymer chain [62].
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Fig. 2. FTIR spectra of original and functionalized MSN samples.

Thermogravimetric analysis (TGA) was then carried out. Fig. 3 shows the graphs of mass loss (Am
%) as a function of temperature for the original and the functionalized MSN samples. At
temperatures below 200°C the mass loss can be ascribed to the removal of humidity and to the
condensation of surface silanols. Above 200°C, Am values can be directly related to the extent of

surface functionalization.

MSNs
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40
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Fig. 3.Thermogravimentric analysis (TGA) of MSNs, MSN-NH,, MSN-HA and MSN-CHIT
samples.
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The mass loss values are reported in Table 2. Remarkably, the similar Am % values obtained for
MSN-HA and MSN-CHIT samples suggest that a similar degree of biopolymer functionalization
was achieved. Electrophoretic light scattering measurements in distilled water result in a different
surface potential depending on surface functionalization. Zeta potential ({) values are strongly
negative for pure silica (-20.0 mV) and become positive after amino-functionalization (+30.6 mV).
Likewise, { values for MSN-HA and MSN-CHIT are negative and positive, due to the occurrence of
dissociated carboxylic groups of hyaluronic acid and protonated amino groups of chitosan chains,
respectively. An additional evidence of surface functionalization is provided by the increase of

hydrodynamic diameter (dy) for the functionalized MSNss, as reported in Table 1.

Table 2. Characterization of biopolymer-functionalized MSNs and BSA-loaded MSNSs. Percentage
mass loss (Am) below and above 200°C. Zeta potential (£) and hydrodynamic diameter (dy) in
distilled water at 37°C. Loading of BSA (Lgsa).

Sample Am (%) ¢ (mV) Lgsa (Mmg/g)
<200°C >200°C

MSN 7.6 4.0 -20.0+0.2 -
MSN-NH, 10.2 120  +30.6+0.5 -
MSN-HA 19.6 190 -14.8+0.9 -
MSN-CHIT 37.6 18.4 +10.1+0.3 -
MSN-NH,+BSA 11.4 18.1 +9.3+0.3 65
MSN-HA+BSA 15.2 26.3  -18.5+0.4 79
MSN-CHIT+BSA 11.9 29.7 -7.7£0.6 127

3.2  Adsorption of BSA on biopolymer-modified MSNs.

The biopolymer-functionalized materials were then suspended in a 20 mg/mL BSA solution in PBS
(pH 7.4, NaCl 150 mM) to simulate the formation of the protein corona in physiological systems
[63,58]. In order to evaluate the extent of BSA adsorption on the surface of the biopolymer-
functionalized materials, MSN-NH,+BSA, MSN-HA+BSA and MSN-CHIT+BSA samples were

characterized through FTIR, TGA and electrophoretic light scattering (ELS) measurements. Fig. 4
11



shows FTIR spectra of pure BSA and BSA-loaded MSNs (MSN-HA+BSA and MSN-CHIT+BSA).
The FTIR spectrum of BSA protein displays two characteristic bands at 1642 cm™ and 1522 cm™
named amide | (C=0 stretching) and amide Il (C-N stretching and N-H bending), respectively [64—
66]. The occurrence of these two characteristic bands proves the successful adsorption of a protein
on a solid support [19,67,68]. In Fig. 4 we observe two bands at 1651 cm™ and 1547 cm™ in the
pure-BSA sample. In the FTIR spectra of MSN-BSA samples, it is difficult to assign univocally
those bands to amide | and amide Il due to the occurrence of vibrations of the functional groups of
HA and CHIT biopolymers grafted on MSNs in the same spectral region (compare Fig. 2 and
Fig.4). It is likely that for MSN-HA+BSA and MSN-CHIT+BSA samples those bands are

overlapped, preventing therefore unambiguous peak assignment.
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Fig. 4. FTIR spectra of Functionalized MSNs loaded with BSA.

However, BSA adsorption on biopolymer-functionalized MSNs can be assessed by TGA
measurements shown in Fig. 5A-C. For all samples an increase of Am (%) after BSA adsorption is
observed (Table 2). These values are higher for biopolymer-functionalized materials, MSN-HA
(26.3 %) and MSN-CHIT (29.7 %) than for the amino-functionalized MSN-NH, (18.1 %). The
corresponding values of BSA loading (Lgsa), calculated from Am (%) values, are Lgsa = 65 mg/g,
79 mg/g, and 127 mg/g for MSN-NH,, MSN-HA and MSN-CHIT, respectively. These results

confirm that BSA protein is effectively adsorbed on MSNs surface and that, under our experimental
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conditions (pH 7.4, ionic strength 0.15 M, T= 37°C), the type of functionalization modulates the
amount of adsorbed BSA. Indeed, the amount of BSA loading is in the order MSN-CHIT > MSN-

HA > MSN-NHo.
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Fig. 5. Percentage mass loss profiles as a function of temperature for MSN-NH; (A), MSN-HA (B)
and MSN-CHIT (C) and the corresponding BSA-loaded samples as determined by TGA.

These trends can be interpreted by taking into account the different electrical charge carried by the
biopolymers and the protein. Indeed under our adsorption conditions (PBS pH=7.4 and 0.15 M
NaCl) MSN-HA sample is negatively charged due the dissociation of carboxylic groups occurring
in the HA chains. On the contrary, amino groups of CHIT biopolymer are protonated, and thus
positively charged. Furthermore, in the same physiological conditions, BSA has a net negative
charge since its isoelectric point (IEP) is about 4.7 [69,70]. Assuming that only the electrostatic
interaction is operating, we would expect a high BSA loading for MSN-CHIT and a negligible or
low BSA loading for MSN-HA. BSA loading indeed decreases in the order MSN-CHIT > MSN-
HA > MSN-NH,. The non-negligible BSA loading recorded on MSN-HA, however, suggests that
electrostatics is likely not the only interaction at work. Once BSA has been adsorbed on the MSNs
surface, it changes the physico-chemical features of the NPs [11], as demonstrated by
electrophoretic light scattering results reported in Table 2. Indeed, {-potential values for all samples
are strongly affected by the presence of adsorbed BSA molecules. In particular, we observe a
decrease of C values for MSN-NH; - from +30.6 to +9.3 mV - and a charge reversal for MSN-CHIT

from +10.1 mV to -7.7 mV. This can be explained by a strong interaction between the negatively
13



charged BSA and the positively charged particles, in our adsorption conditions. In the case of MSN-
HA we observed a slightly more negative value of  from -14.8 mV to -18.5 mV. Such a change of
¢ value is consistent with the adsorption of negatively charged BSA molecules on the negatively
charged MSN-HA particles, as already confirmed by TGA data. Although the attraction of two
species with like charges might sound counterintuitive, it should be recalled that BSA adsorption
might take place on positively charged patches occurring also above its IEP [71]. Moreover, we
should also consider that under physiological conditions electrostatics is screened. It is easy to
calculate that at a 100 mM NaCl concentration the Debye length is about 1 nm. This means that a
surface potential of 100 mV is reduced by charge screening to about 5-10 mV within the diffuse
layer. Hence, above 100 mM salt concentration the intensity of the electrostatic force is comparable
to that of non-electrostatic van der Waals interactions [72]. Therefore, due to electrolyte-induced
surface potential screening, the ubiquitous attractive van der Waals forces between uncharged BSA
and hyaluronic patches is likely responsible of the BSA loading of 79 mg/g. The fact that besides
electrostatics also other interactions are operating is demonstrated by the lower BSA loading (65

mg/g) reached by the positively charged MSN-NH, (Scheme 2).
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Scheme 2: Interactions responsible of the formation of the protein corona on functionalized MSNSs.
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What obtained here seems to confirm the findings observed in a previous work where the
internalization of functionalized MSNs on 3T3 mouse fibroblast cells was investigated [32]. Indeed,
in the protein-rich cell culture medium MSN-NH, and MSN-HA particles were easily internalized
whereas MSN-CHIT resulted in the formation of large aggregates which could not be internalized
by 3T3 cells. The high BSA loading on MSN-CHIT, obtained by TGA measurements, is consistent
with the drastic change of zeta potential (Table 2) which is likely the cause of the formation of those

particle aggregates [32].

3.3 Transmission electron microscopy analysis

TEM characterization was used to highlight the inner mesoporous structure of all samples and
confirm BSA adsorption on surfaces of most of MSN samples examined in this investigation. In
detail, in order to detect the presence of BSA on the MSNs, we used a specific gold labelling
technique that consisted mainly of BSA conjugated with gold nanoparticles (GNPs). The use of
GNP-antibody conjugates was previously used to localize human lysozyme [73] and an antibody
fragment [59] within the pores of SBA-15 mesoporous silica. Here, the BSA-GNPs conjugates
allowed the visualization of BSA adsorbed on MSNs. Both MSN-HA and MSN-CHIT samples
showed similar BSA-GNPs patterns that were mainly characterized by the presence of an evident
and intense gold labelling decorating the MSN surfaces (Fig. 6). However, variability of gold
labelling intensity was occasionally observed. Overall, by a careful examination of several samples,
a qualitative higher abundance of gold labelling was observed for MSN-CHIT than for MSN-HA in
agreement with TGA data. The lower abundance of gold labelling for MSN-NH, sample is also in

qualitative agreement with the lowest BSA loading, quantified through TGA (Table 2).
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Fig. 6. TEM micrographs of MSN-NH,;+BSA-GNPs (A,D,G) MSN-HA+BSA-GNPs (B,E,H) and
MSN-CHIT+BSA-GNPs (C,E,I).

4. Conclusions

Taking into consideration the results of this study we can remark that the choice of a simple model
provided interesting information on the interaction between BSA and functionalized MSNs. Our
system was constituted by HA/CHIT-functionalized MSNs suspended in a 20 mg/mL BSA aqueous
solution (phosphate buffer solution at pH 7.4 and NaCl 150 mM) at T = 37°C. Within these
conditions BSA interacts with the MSNs surface covered by the biopolymer. BSA is able to interact
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with both types of sample even though they carry opposite electric charges. This is an additional
proof of the importance of non-electrostatic van der Waals interactions particularly in biological
systems [72]. In fact, electrostatic and non electrostatic interactions likely cooperate to get the
highest BSA loading on MSN-CHIT sample. For MSN-HA, instead, the two types of interactions
have opposite effects which, nonetheless, overall result in a relatively high BSA loading. The
effective adsorption of BSA is clearly demonstrated by TEM images of the samples treated with a
GNP labelling procedure. Once BSA covers functionalized MSNs surface, the resulting surface
potential is quite different from that of bare particles. That is a relevant finding which can influence
the formation of the protein corona, and results in a different destiny of functionalized MSNs, once

dispersed in a cellular medium or in a body fluid.
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