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Abstract

Slight alterations in nanoparticles’ surface properties can significantly influence the corona
composition which may alter their interaction with the biological milieu. Size and porosity of
silica nanoparticles (SNPs) are known to be predominant factors influencing their dose-dependent
toxicity. Little is known however about the extent and type of protein adsorption on SNPs as a
function of physicochemical properties and the role this might play on mechanisms of cellular
uptake and toxicity. In this work we investigated the influence of size and porosity of SNPs on
protein adsorption, cellular uptake, and toxicity in RAW 264.7 macrophages. Toxicity of the SNPs
was found to be concentration dependent, and the formation of the protein corona mitigated
toxicity for all particles. Detailed analysis of the amount of proteins recovered from each
nanoparticle revealed similarities in the protein adsorption profile as a function of size and
porosity. The mechanism of uptake was highly dependent on size rather than porosity or the
adsorbed proteins.
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INTRODUCTION

Silica nanoparticles (SNPs) have shown potential for use in nanomedicine as drug carriers,
cell markers, imaging agents, biosensors, and alike.1=® Better understanding of how SNPs
interact with cells and biological fluids is required to predict safety, biodistribution,
pharmacokinetics, effective performance for the intended use, clearance, and possible
adverse effects. Due to a lower loading capacity of the nonporous or mesoporous SNPs
compared with other drug delivery carriers such as liposomes or hollow structures, a higher
dosage of SNPs would be required to deliver the same amount of active drug moieties. This
would lead to administering a higher amount of SNPs as carriers. The physicochemical
properties of nanocarriers such as size, charge, surface functionality, shape, hydrophobicity,
and aggregation state determine their biological fate.5-8 Once nanoparticles are in contact
with the bloodstream, proteins bind to their surface almost immediately by a dynamic
process and form a “protein corona”. Formation of protein corona changes the
physicochemical properties of the nanoparticles such as size, charge, and hydrophilicity.
Protein corona can further lower the surface free energy of particles and prevents the pristine
surface interaction with biological fluids and cells, which changes cellular uptake, toxicity,
and biocompatibility.%19 Changes in the physicochemical properties such as shape, size, and
surface chemistry may greatly influence the composition of the protein corona on SNPs. It
has been shown, for example, that the size of SNPs quantitatively influences the type of
identified proteins adsorbed to each particle.1!

Previously we studied the influence of size, surface charge, geometry, and porosity of SNPs
on mechanisms of cellular uptake, biodistribution, and toxicity in vivo. Our studies showed
that the porosity of silica nanomaterials drastically influences in vivo toxicity and tissue
biodistribution.12 SNPs were sequestered primarily in the liver and spleen. SNPs with a
larger size, higher aspect ratio, and increased porosity had higher accumulations in the lung,
while amine modifications reduced this accumulation.3 Additionally, our data showed that
an increased surface charge density leads to the initiation of thrombotic and hemolytic
events. Hemolysis was dependent on charge characteristics, with negatively charged Stober
particles (nonporous hydroxyl terminated) at the lowest level of hemolytic induction and
positively charged amine-modified materials at the highest level of induction.14 However,
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the influence of nanoparticle physicochemical properties on protein adsorption and how
such adsorption affect cellular uptake and toxicity is poorly understood.

Herein, we investigated the effect of nanoparticle size and porosity on protein adsorption and
their subsequent toxicity and uptake in a macrophage cell line. RAW 264.7 was used to
represent the physiological scavengers of foreign nanoparticles exposed to in vivo systems.1®
Specifically, we chose Stdber silica nanoparticles (SNPs) of approximate diameters 50 and
500 nm to evaluate the effect of size, mesoporous SNPs of approximate diameter 500 nm for
evaluating the effect of porosity on protein adsorption, toxicity, and mechanism of cellular
uptake in a RAW 264.7 macrophage cell line. Toxicity studies were conducted in the
presence and absence of serum. Pharmacological inhibitors of cellular uptake were used to
elucidate the uptake mechanisms.

RESULT AND DISCUSSION

Synthesis and Characterization of SNPs

The goal of this research was to investigate the impact of the physicochemical properties of
silica nanoparticles (SNPs) on protein adsorption, cellular uptake, and toxicity. To compare
the effect of size, spherical nonporous SNPs of the two different diameters, namely, 46 + 4.9
and 432 £ 18.7 nm, were synthesized using a modified Stéber method. To evaluate the effect
of porosity, mesoporous spherical SNPs were produced with a diameter of 466 + 86 nm,
comparable to 432 + 18.7 nm for the nonporous Stober particle. All particles with
engineered physicochemical features were evaluated for toxicity on RAW 264.7 cell lines in
the presence and absence of serum protein. These cell lines were used as a model
macrophage to represent the physiological scavengers of foreign nanoparticles exposed to in
vivo systems. Synthesized particles were characterized using transmission electron
microscopy (TEM), dynamic light scattering (DLS), scanning electron microscopy (SEM),
X-ray diffraction (XRD) techniques, nitrogen adsorption—desorption analysis, and zeta
potential measurement for size, morphology, mesoporous arrangement, surface area, pore
size measurement, and surface charge.

SEM (Figure 1) and TEM (Figure 2) image analyses of the nonporous silica nanoparticles
(Stober) and mesoporous silica nanoparticles (MSN) represent the morphology and size of
each particle. Evident from TEM image analyses (Figure 2), Stober particles were 46 + 4.9
and 432 £ 18.7 nm in diameter, respectively, and the average diameter of mesoporous silica
nanoparticles was 466 + 86 nm.

Increasing the size of the Stober particle from 46 to 432 nm shows an increase in the
smoothness on the surface of the particle as observed previously.1® Comparing Stéber
particles with mesoporous ones, the mesoporous particles showed higher polydispersity due
to the micelle-based production method used for the synthesis of the particles. The synthetic
process for mesoporous particles depends on micelle formation as a template in low-
surfactant concentration. This is a very sensitive process toward temperature and
concentrations, and slight changes in these parameters influence the morphology, size, and
porosity of the particles.
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Uniformly aligned mesopores along and perpendicular to the axes of mesoporous SNPs
were observed (Figure 2G and 2H). High-resolution TEM images showed 2D-hexagonal
mesopores in the close-packing structure for mesoporous SNPs.

Nitrogen adsorption/desorption isotherms for nonporous Stéber particles and mesoporous
SNPs were investigated to evaluate the porosity of the particles (Figure 3). The adsorption
isotherms for Stdber particles were type Il (according to IUPAC classification), indicating
nonporous structure, while mesoporous SNPs exhibited type IV isotherms, typical for
mesopore structures. Although the Stéber 46 nm particles are classified as nonporous,
interparticle porosity is observed for these particles, which is indicated by the hysteresis at
high relative pressure due to N, condensation.1” The interparticle porosity of these particles
can be attributed to their bumpy surface comparing to larger Stéber particles with a smoother
surface as shown in TEM images (Figure 2B).

Table 1 shows the results of characterization of surface area, external surface area, pore size,
and pore volume of nonporous and mesoporous SNPs based on nitrogen adsorption—
desorption full isotherms. The Brunauer-Emmet-Teller method!819 was used to calculate
the surface area. t-Plots were used to obtain the external surface area,20 and the Barrett—
Joyner—Halenda method18:19 was used to determine the pore size distribution of each
particle based on nitrogen adsorption isotherms. As expected, by increasing the size of the
nonporous Stober particles from 46 to 432 nm, the surface area decreased, respectively, from
186 to 6.8 m? g~1. Mesoporous SNPs with an average 466 nm diameter possessed a
relatively high surface area of 950 m2/g. Comparing MSN500 and Stéber500 particles,
which have an almost similar size, the surface area increased 140-fold by incorporating
mesoporosity in MSN500 particles. The external surface area of the particle, which is
referred to as cell-contactable surface area, determines protein adsorption and cell
cytotoxicity. MSN500 particles showed a narrow distribution with a pore size of 3 nm
(Figure 3C, insert).

XRD measurement of MSN500 particles revealed distinct peaks (100, 110, 200, 210), which
are typical of MCM-41-type mesopore arrangement (Figure 3D). The 2D-hexagonal
mesopore arrangement in the close-packing structure was confirmed by TEM images
(Figure 2G and 2H). The FT-IR spectrum of MSN500 particles before and after the washing
step by acidic ethanol to extract all CTAB molecules is shown in Figure S1. The elimination
of a carbon chain band in wavenumber range 3000-2800 cm™1 confirms complete removal
of CTAB surfactant, which has the template role in the process of mesopore formation in
MSN500 particles.

The hydrodynamic size of the particles was measured by dynamic light scattering in DI
water, media, and media with 10% serum and is presented in Table 1. Comparison of the
hydrodynamic diameter of MSN500 with diameter measured by TEM showed a higher
tendency of these particles to agglomerate in solution, which could be due to a high surface
area and higher surface energy that is confirmed by nitrogen adsorption—desorption isotherm
measurements. Zeta potential measurements showed that Stéber nanoparticles dispersed in
water were highly negatively charged, rendering colloidal stability in aqueous medium. Zeta
potential values decreased for all particles suspended in the cell culture media (RPMI) due to
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higher ionic strength (RPMI 10 800 £5),21 screening effect of counterions, and shorter
Debye length compared to water. Adsorption of proteins on the surface of particles reduces
the zeta potential values to a neutral range (from -10 to 10 mV) in the media containing
serum. This could reduce the stability of the particles and increase the tendency for
agglomerations.

Protein Corona and Its Effect on Cell Toxicity

It has been well established that the presence of the protein shield (corona) around the
nanoparticles alters the physiochemical properties of the nanoparticle surface and can
contribute to changes in zeta potential, aggregation state, and cellular uptake. We
investigated the effect of protein corona on SNPs based on the size and porosity and its
subsequent effect on the cytotoxicity of nanoparticles toward RAW 264.7 macrophages.
Figure 4 shows the toxicity profile of different SNPs in the presence and absence of serum
protein. The toxicity of SNPs is associated with the surface silanol (=SiOH) groups that can
interact with membrane components by hydrogen bonding or SNPs can dissociate to form
SiO~ above the isoelectric point of silica at pH 2-3 and electrostatically interact with
tetraalkylammonium-containing phospholipids causing cell membrane lysis.?2:23 Another
possible reason may be the generation of reactive oxygen species (ROS) by the reaction of a
surface radical of SNPs with water. Amorphous silica contains a significant amount of
strained 3-membered siloxane rings that give rises to surface-associated radicals that react
with water to generate the most reactive hydroxyl radical HO®. These radicals react with the
cells to initiate inflammatory responses and can cause cell death. The Stéber (50 and 500
nm) particles were found to be more toxic compared to the MSN50Q0 in vitro. The reduced
solid fraction in MSN particles leads to the decrease in availability of accessible surface
silanol groups for hydrogen bonding and electrostatic interactions with the cell membrane
leading to reduced toxicity.22 Also, the ROS production for the surfactant-extracted
MSN500 is less due to the negligible concentration of strained siloxane ring which also
contributes to the reduced cell toxicity of the MSN500.24 The presence of the protein corona
reduces the toxicity of SNPs that ameliorates cell viability for all SNP particles compared to
the serum-free condition. The probable reason for this decrease in toxicity is due to the
reduced uptake efficiency of the SNPs. The surface energy of bare SNPs reduces upon
formation of the corona, which screens the electrostatic interactions with surface silanol and
inhibits SNP adhesion onto the cell surface and decreases subsequent internalization.2%:26
Furthermore, the protein corona formed around the particles initiates or limits specific
interaction with receptors on the cell surface and may result in altered intracellular
localization reducing toxicity.? Also, the adsorption of serum protein reduces the
competitive adsorption of other important constitutional components for the cells and
improving the bioavailability of those molecules for the cells reducing toxicity.2” These
adsorbed proteins on the particles after digestion in the lysosome can provide a source of
nutrition to the cells, leading to the increase of cell proliferation.28 These factors increase
cell viability for SNPs in the presence of serum compared to the absence of serum.

Size-dependent toxicity (Figure 4A and 4B) was observed in this study in accordance to
previous reports.2? Toxicity increased by an increase in the surface area upon a decrease
Table 2 shows decreased toxicity comparing the LCgq of in size. Stéber500 to Stéber50 by
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increasing the size of the particle. The decrease in toxicity by increasing surface area in the
case of mesoporous particles seems counterintuitive; however, this can be explained from the
data on size, zeta potential, and density of silanol groups per square nanometer on the
surface of particles. Table 1 shows a decrease of the zeta potential and increase of the
hydrodynamic diameter in the media containing FBS for mesoporous particles. Taking into
consideration the far lower increase of the hydrodynamic diameter for Stober500 particles,
aggregation of mesoporous particles to a higher extent is expected. Increased aggregation
leads to a decrease in the effective cell contactable surface area that causes less cell uptake,
cell association, and toxicity as compared to similar sized St6ber500 particles. In addition to
the aggregation effect, the influence of the density of the silanol groups per square
nanometer surface of particles on protein adsorption and toxicity needs to be taken into
account. The reduced solid fraction in MSN particle due to porosity leads to the decrease in
availability of accessible surface silanol groups for hydrogen bonding and electrostatic
interactions with cell membrane potentially resulting in reduced toxicity. This would also
explain the previously reported decreased amount of cell association for mesoporous
particles compared to nonporous SNPs.14

Cellular toxicity of inorganic nanoparticles could be due to changing any metabolic activity,
vital cellular functions for cell growth, DNA damage, cell cycle arrest, or disruption of
plasma membrane integrity. The integrity of RAW264.7 plasma membranes treated with
LCsp SNPs concentration for 24 h was evaluated by lactate dehydrogenase (LDH) release
assay and is presented in Figure 4E. LCgq values of each SNP in the presence and absence of
proteins were used as a measure of cell membrane integrity. For Stéber50, the LCgg
concentration values were 8.3 (lower) and 26.2 g mL™1 (higher) in the absence and
presence of protein, respectively. Therefore, we treated the cells with both concentrations in
the presence and absence of protein for comparison. For Stober500 particles, 27.4 (lower)
and 33.7 zg mL~1 (higher) concentrations were used, whereas for MSN500, 96.8 (lower)
and 223.6 1g mL~1 (higher) concentrations were used. The LDH release values are plotted
in Figure 4E. The bare particles in the absence of proteins had higher membrane damage
compared to the particles in the presence of protein for all ICgg concentrations tested (except
Stdber500 in higher concentration). The surface-adsorbed serum provides some degree of
protection to the cells and reduces membrane damage.?8 The LDH release was also found to
be concentration dependent for each particle. In respective media, all SNPs exhibited higher
membrane damage at higher LCsg concentration.

Identifying the Protein Corona

To further investigate the interaction of the SNPs with cells we sought to gain insight into
the types and the abundance of proteins that adsorb on the corona upon contact with the
particles. The changes in size (DLS) and zeta potential values upon interaction with serum
proteins are evidence of corona formation on SNPs (Table 1). The drop in the zeta potential
values to from around -8 to —10 mV (Table 1) also suggests the adsorption of proteins
around SNPs that shield and alter the surface charge of SNPs.3931 To evaluate the effect of
particle diameter and porosity on protein adsorption, quantitative and qualitative analyses of
protein adsorption were performed. The amount of the total proteins adsorbed onto different
SNPs was estimated using the bicinchoninic acid assay (BCA) (Figure 5) and TGA analysis
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(Supporting Information, Figure S2). The Stober50 SNPs adsorbed the greatest amount of
proteins followed by MSN500 and Stdber500, respectively. The amount of protein
adsorption was in accordance with the surface area of the particles (Table 1). Stéber50 SNP
with an external surface area of 178.84 m? g~ was found to adsorb around ~12 wt % of
protein from serum, whereas MSN500 with a protein-accessible external surface area of
121.8 m? g~ also adsorbed a comparable amount of protein. On the other hand, a decrease
in the surface area for Stéber500 to around 6.83 m2 g~ resulted in a decrease in protein
adsorption. A similar trend of protein adsorption value onto SNPs was also reflected from
the TGA data (Supporting Information, Figure S2), although normalizing the total amount of
protein to the total surface area showed a reverse trend of protein adsorption (Figure 5 and
Table S1). The Stober500 with a higher particle diameter and decreased curvature adsorbed
more proteins per unit surface area compared to Stéber50 with a higher curvature. As
compared to the MSN500 the smoother surface of Stober500 favors more protein binding.
The decrease in the surface curvature and smoother surface of Stéber500 favor more protein
binding as proteins are able to pack more closely on a smoother less curved surface
compared to a highly curved and porous surface.32:33 In addition, Si-OH/nm? could also
influence protein adsorption. The roughness of Stdber50 and porosity of MSN500 lead to a
decrease in the effective silanol density presented to proteins, which can in turn lead to
reduced protein adsorption, reflected in the fact that the Stéber500 particles have the greatest
protein adsorption on a mg m~2 basis.

The adsorbed plasma proteins from the hard corona were identified with one-dimensional
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and liquid
chromatography mass spectroscopy (LS-MS/MS). From the SDS-PAGE analysis it is
apparent that substantial amounts of proteins were extracted for each SNPs (Figure 6). The
intensity of each band reflects the amount of protein recovered from each SNP. The band for
Stdber500 had less amount of proteins (less intense bands) compared to Stéber50 and
MSN500 particles as the surface area of 500 nm SNPs was lower. This is in accordance with
the adsorption values obtained by the BCA assay. MSN500 and Stober50 adsorb a higher
number of proteins as evident from the SDS-PAGE analysis. A very limited difference was
observed in the elution profiles of proteins extracted, suggesting that most of the adsorbed
proteins were of similar molecular weights.

To get a better insight into the proteins recovered from the corona of each SNP, we used
label-free liquid chromatography mass spectroscopy (LC-MS). The relative abundance of
different proteins recovered was analyzed. The 22 most abundant proteins recovered from
each particle are listed in Table 3. Proteins such as lipoproteins, coagulation factors,
complement, and cellular components dominate the profile. A comparison of the proteins
recovered from each SNPs reveals the commonality of certain proteins in all of them. Dutta
et al. reported that plasma protein adsorption profiles remained uniform for differentially
sized silica NPs.34 Clemments et al. did a corona analysis on silica NPs based on particle
diameter and porosity.3° They found that the smallest particles adsorb higher amounts of
proteins compared to larger particles irrespective of porosity, whereas the adsorption profile
varied for porous and nonporous particles.3® In our study, we found that the adsorption
amount was surface area dependent, whereas the profile of proteins adsorbed was
independent of the surface area or porosity. Among the most abundant (relative) proteins
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from each particle, a similarity in adsorption profile is observed. Hemoglobin is the major
protein recovered from all particles irrespective of size or porosity. Other proteins such as
apolipoprotein, gelsolin, and thrombospondin were common in all coronas.

The toxicity of the nanoparticles can depend on the corona formed around them.36:37 The
role of some proteins in biological systems can be classified as “opsonins” and
“dysopsonins”.38:39 The opsonins promote uptake by macrophages, whereas the
dysopsonins lower it. It is the abundance and availability of these two classes of proteins that
determine the uptake and in turn toxicity of nanoparticles. The toxicity of the SNPs in the
absence of protein in a “serum-free” condition was found to be higher for all SNPs. The
surface energy of bare particles is the driving force for prominent adhesion of SNPs onto the
surface of the cells and subsequent uptake.® Apart from this, direct surface recognition of the
SNPs by cell-surface receptors are also presumed for increased uptake. For example,
scavenger receptors recognize certain patterns of nanomaterials and can initiate
interactions.*041 However, in the presence of serum proteins the nanoparticles may have
increased or decreased interaction with the cell surface receptors depending on the
accessibility of the opsonins or dysopsonins present in the corona. From the LCMS/MS data
we found that opsonins such as complement proteins are found in the corona of these
nanoparticles that may influence the uptake of SNPs in RAW 264.7 macrophages.*243 On
the other hand, dysopsonins such as apolipoproteins and serum albumin (except for
Stober500) are also found on the surface of the particles which may inhibit uptake.
Dysopsonization may also result from adsorbed protein blocking the interaction of cellular
response with nanomaterial surface.** Therefore, the uptake and toxicity of NPs depend
mainly on the proximal availability of specific proteins to receptors rather than being
concealed in the corona. Thus, the decrease in the toxicity of SNPs upon adsorption of the
proteins may be attributed to the presence of the dysopsonins on the surface of the SNPs that
effectively inhibits the interaction with the RAW 264.7 and reduces the uptake efficiency of
the particles.

Cell Uptake and Localization of Nanoparticles by TEM

Proteins adsorbed onto the nanoparticle surface can also modulate the mode of uptake and
subcellular localization.#>-47 We evaluated cellular internalization by transmission electron
microscopy (TEM) in the presence and absence of protein. For the Stéber50 SNPs, it was
evident from the TEM images that uptake was higher in serum-free condition than in the
presence of serum. The 50 nm particles were observed in membrane-bound organelles and
also free in the cytoplasm (Figure 7) for both serum and serum-free media. Silica
nanoparticles are directed to the lysosomal compartments and remain within these
compartments through late-stage lysosomal digestion and then release into the cytoplasm.*8
The availability of 50 nm particles in the vacuoles as well as in the cytosol (near membrane)
favors the possibility of multiple endocytic pathways.? The probability of the interplay of
multiple mechanistic pathways for uptake of the 50 nm particles has also been favored by
the IC-PMS data discussed in a later section of the manuscript. For the Stober500 without
protein, more particles were seen inside the cells which correspond to an increased cellular
uptake. Less uptake was seen for the Stober500 in the presence of protein. A large cluster of
nanoparticles was found adjacent to the cell membrane for the Stober500 SNPs in the
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absence of serum even after washing three times with PBS. This sort of clustering of
nanoparticles in the proximity of the cell membrane in the absence of serum was also
reported by Lesniak et al.® The cellular protrusions interact with these particles, resulting in
increased accumulation near the cell surface. Also, the particles were all observed in the
cytosol, which might be due to late-stage lysosomal degradation and escape.*® For the
MSN500, limited differences in particle localization were noticed. In the presence and
absence of proteins, the particles were mostly found in larger vacuole-like structures. In the
absence of protein some MSN500 particles were also observed near the membrane in free
cytosol, suggesting phagocytosis. Altogether the TEM images suggest more cellular
association and enhanced uptake of SNPs in the absence of serum compared to the presence
of serum.

Particle Uptake

The cellular uptake pathway of nanoparticles can have direct consequences on intracellular
localization and cytotoxicity. The surface properties, protein adsorption, shape, size, and

geometry of nanoparticles are among factors that govern the quantity and mechanism of
uptake. 12145051

The protein corona formed onto these particles plays a prominent role in the uptake
phenomenon. The protein corona inhibits recognition by scavenger receptors but promotes
clathrin-dependent uptake.>2 In contrast, the corona may also initiate scavenger receptors-
mediated cellular toxicity.53 The formation of the corona can also shield to reduce the
targeting ability of particles and alter the uptake pathway.>* To evaluate the effect of size and
protein corona on the uptake mechanism we used inductively coupled plasma mass
spectrometry (ICPMS) to quantify the uptake of nanoparticles. All nanoparticles were
sonicated for 15 min to prevent aggregation prior to addition to media with and without
serum for the uptake studies. Energy-dependent endocytosis can be inhibited by treating
cells at lower temperature and also by inhibitors.>® We incubated the cells at 4 °C to evaluate
the energy-dependent uptake of the nanoparticles. Compared to control, a drastic decrease in
uptake of all SNPs was observed at 4 °C, indicating the energy dependence of the
internalization process. For the energy-dependent cellular endocytotic uptake mechanism of
NPs, specific pharmacological inhibitors were used. Chlorpromazine hydrochloride (CPZ)
inhibits clathrin-mediated endocytosis by inducing a loss of clathrin and adaptor protein
complex 2 from the surface of the cell. Methyl-g-cyclodextrin (MBCD) inhibits caveolae-
mediated endocytosis by forming inclusion complexes with cell membrane cholesterol, and
polyinosinic acid (PI) was used for scavenger-mediated endocytosis. Figure 8 represents the
relative cellular uptake of the SNPs with various inhibitors and at 4 °C in the presence and
absence of serum. For the 50 nm SNPs, uptake was inhibited by CPZ (~40% with protein
and ~71% without protein), MBCD (~52% with protein and ~71% without protein), and PI
(70% with protein and 39% without protein). The presence of serum had some influence on
the internalization of the 50 nm SNPs that altered the dispersity of the particles in media. Pl
inhibition increased in the presence of serum followed by MBCD and CPZ, whereas in the
absence of serum CPZ inhibited the most followed by MBCD and PI. The inhibition of
uptake in the presence of Pl (scavenger) is contradictory for a particle size of 50 nm.
Generally, macrophages internalize particles larger than 500 nm by phagocytosis.>® The
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reason for this observed behavior of the 50 nm is probably due to the aggregation of the
particles in the cell’s vicinity. The apparent “secondary size” formed upon aggregation of the
particles acts as larger particles that are exposed to the cells. The probability of the
aggregation of these particles in media is also suggested by the DLS data. These apparently
larger particles are then engulfed by the scavenger-mediated process.

The presence or absence of protein does not alter the uptake pathway for Stober500. For
Stober500 nm SNPs, the scavenger receptor-mediated endocytosis (inhibition is ~67% with
protein and ~40% without protein) dominated the uptake. However, inhibition of MBCD
was also seen for 500 nm SNPs in the presence of protein, demonstrating the caveolae-
mediated uptake of particles. Although evidence for caveolin expression in macrophages is
scarce and conflicting,®’ there are reports in the literature that show the predominance of
caveolin proteins in RAW 264.7 macrophages.>2°8 Two proteins mediate the caveolin-
mediated internalization, caveolin-1 and caveolin-2. Caveolin-1, present primarily on the cell
surface, does not colocalize significantly with caveolin-2, which is present primarily in the
Golgi compartment in all macrophages studied.>’ Caveolae-mediated uptake is observed for
larger particles ~ 500 nm.>® For the 500 nm particles, in the presence and absence of
protein, negligible inhibition with the CPZ was found as clathrin pits are small enough to
accommodate these larger particles.®? For the MSN 500 nm particle MBCD and P! inhibited
the uptake irrespective of the presence or absence of proteins. In the absence of protein the
uptake of MSN500 was inhibited by MBCD followed by PI, whereas in the presence of
protein the scavenger-mediated pathway was more prominent than the caveolae-mediated
uptake. From these results it can be concluded that the size of the nanoparticle has a
predominant effect on modulating the uptake phenomenon, whereas we did not observe any
prominent effect of surface porosity on the uptake mechanism. The presence or absence of
protein may affect the rate of uptake, but no direct correlation from our data can be drawn
for changes in the mechanism of uptake. It must be noted that the use of a macropinocytosis-
specific inhibitor would help to distinguish if caveolae-mediated internalization is occurring
or if extraction of cholesterol is altering macropinocytosis. This phenomenon needs to be
further examined in future studies.

CONCLUSION

In summary, we investigated the effect of serum protein adsorption onto a series of SNPs
based on the size and porosity and their subsequent cellular impact. The toxicity for all
particles in the presence of serum was lowered compared to serum-free condition, which
was in agreement with previously reported literature.28 The protein adsorption amount
varied directly with the available surface area of the particles. The presence and absence of
corona had a limited effect on the uptake mechanism of SNPs. The uptake mechanism was
predominantly governed by size. The small sized 50 nm SNPs followed multiple endocytosis
pathways, whereas for the larger particles the scavenger-mediated pathway regulated the
uptake along with caveolae-mediated pathway. The uptake of the particles was inhibited in
the presence of serum, but no significant difference was observed for the uptake
mechanisms.
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EXPERIMENTAL PROCEDURES

Materials

Cetyltrimethylammonium bromide (CTAB, =99.0%) and tetraethyl orthosilicate (TEOS,
98%) were obtained from Sigma-Aldrich. Absolute ethanol (200 proof) and ammonium
hydroxide were from Acros Organics and EMD Millipore Corp., respectively. Hydrochloric
acid was purchased from BDH Aristar. All chemicals were used as received.

Synthesis of Nonporous and Mesoporous Silica Nanoparticles

A modified Stéber method was used to produce nonporous spherical silica nanoparticles
(Stéber).51 First, 900 mL of 200 proof ethanol was mixed with 25.2 mL of DI water and
22.5 mL of ammonium hydroxide (29.7%) at room temperature in a 1.5 L glass flask. Then
tetraethyl orthosilicate (TEOS) (33.3 mL) was added dropwise under stirring at 500 rpm,
and the reaction was left under stirring for 24 h. The product was washed twice by
centrifugation at 15 000 rpm for 20 min and stored in ethanol. By changing the
concentration of TEOS and aqueous ammonia the targeted size of the particles was obtained.

Mesoporous silica nanoparticles were produced by methods previously described through a
one-step condensation under dilute silica source and low surfactant concentration
conditions.1462 Briefly, 2 g of CTAB was dissolved in 700 mL of DI water, and 50 mL of
ammonium hydroxide was added to the mixture. The mixture was stirred at room
temperature for 1 h to stabilize the solution and form aligned CTAB micelles. TEOS was
added dropwise under stirring at 300 rpm and the stirring continued for 4 h, after which the
mixture was autoclaved at 100 °C for 24 h. The product was washed twice by centrifugation,
and particles were suspended in ethanolic HCI (1.5 mL of HCI in 150 mL of ethanol) and
heated at 60 °C for 6 h to remove the surfactant.

Nanoparticle Characterization

The shape and size of the particles were investigated by electron microscopy techniques.
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images
were obtained with a FEI Quanta 650 FE-SEM operating at 20 kV and a JEOL JEM 1400
microscope operating at 120 kV, respectively. X-ray diffraction patterns of mesoporous
particles were analyzed to confirm 2D-hexagonal mesopore structure in the close-packing
structure on a Bruker D2 Phaser X-ray diffractometer using Cu Ka radiation (1 = 0.1542
nm) at 45 kV and 40 mA. The XRD spectra were recorded at a scanning speed of 0.01 deg/s,
with a step size of 0.02° in a 20 scattering angle and in the 26 range of 2-10. FT-IR spectra
were recorded on a Varian 3100 FT-IR spectrometer with attenuated total reflectance mode
to confirm washing the CTAB out of pores in mesoporous particles. Hydrodynamic diameter
and zeta potential measurements were performed by dynamic light scattering (DLS) in a
Malvern Instruments Zetasizer Nano ZS. Nitrogen adsorption—desorption isotherm analysis
was conducted on a Micromeritics ASAP 2020 (Norcross, GA) surface area and porosity
analyzer at —196 °C to measure internal and external surface area and pore size. All samples
were dried at 100 °C overnight prior to analysis. Pore volume and pore size distributions
were obtained from an adsorption branch by using the Barrett, Joyner, and Halenda method.
The external surface areas of all samples were calculated from the t-plots of their N,
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adsorption isotherms. The Brunauer—-Emmett-Teller specific surface areas were calculated
by using adsorption data at A/ = 0.05-0.20.18:20.63,64

Cell Culture and Cytotoxicity Assay

The cytotoxicity of the assynthesized SNPs was tested on RAW 264.7 macrophages. Cells
were cultured at 37 °C in 5% CO» in RPMI with 10% fetal bovine serum (FBS). For the
cytotoxicity assays cells were seeded onto 96-well plates with 6000 cells/well and allowed
to grow for 24 h. After 24 h the media was replaced and the cells were washed with PBS.
Fresh media was then added without (control) and with varying concentrations of 4 pg/mL
to 800 rg/mL of SNPs in the presence and absence of 10% fetal bovine serum. The cells
were then incubated for 24 h, after which the media was aspirated and the cells were washed
twice with PBS. Cell viability was measured with CCK-8 from Dojindo according to an
established protocol (Dojindo, Rockville, MD). The absorbance of the plate was measured at
450 nm. For membrane integrity the LDH Cytotoxicity Assay Kit (Thermo Scientific Pierce)
was used according to the manufacturer’s protocol.

Protein Adsorption Experiments

A stock solution of 8 mg/mL of SNPs was used for all adsorption studies. A 2 mL amount of
RPMI containing 10% FBS was preincubated at 37 °C for 30 min in a shaker incubator. An
aliquot containing 1 mg/mL of particles was added to the media and incubated for 1 h. After
incubation the particles were centrifuged at 13 000 rpm for 10 min and washed with PBS
(7.4) three times to remove the unbound or loosely bound proteins. To make sure that we are
not losing any particles (at 13 000 rpm and 10 min time) in the solution we centrifuged a
known concentration of each Stober50, Stober500, and MSN500 particles (500 and 1 mL)
and dried the pellets formed and measured the amount (mass) of nanoparticles recovered. No
observable difference was seen, and thus, the centrifuging speed of 13 000 rpm and for 10
min was optimum to separate the SNPs from solution.

Protein Quantification by Bicinchoninic Acid (BCA) Assay

The hard corona recovered after washing and centrifugation was removed by sonicating the
nanoparticles in extraction buffer (63 mM Tris-HCI, pH 6.8, 40 mM DTT, 0.01% (w/v)
bromophenol blue, 10% glycerol, 2% (w/v) SDS) as described previously.8® The suspension
was placed in a thermal cycler (Applied Biosystems, 2720 Thermal Cycler) to boil at 95 °C
for 5 min and then cooled. The suspension was then centrifuged at 13 000 rpm for 10 min,
and the supernatant was used for quantification using the BCA assay kit (G-Biosciences)
according to manufacturer’s protocol.

SDS PAGE

One-dimensional sodium dodecyl sulfate-poly-(acrylamide gel electrophoresis) (SDS-
PAGE) was utilized to analyze the proteins recovered after incubation with serum. After the
final (3x) washing and centrifugation step, the proteins (hard corona) were removed by
eluting the particle in Laemmli buffer (Bio-Rad). The suspension was placed in a thermal
cycler (Applied Biosystems, 2720 Thermal Cycler) to boil at 95 °C for 5 min and then
cooled. It was subsequently centrifuged at 13 000 rpm for 10 min, and the supernatant was
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used for the SDS-PAGE analysis. A 10 gL amount of each supernatant was run on a Bio-Rad
Mini-PROTEAN electrophoresis system (120 V, 1.5 h) alongside a standard protein marker
(PAGEMark Tricolor, G-Biosciences). The gels were washed with deionized water three
times prior to staining for 2 h using Coomassie Brilliant Blue R-250 reagent (Bio-Rad),
followed by destaining with constant shaking overnight.

Proteomic Analysis

For detailed identification of the proteins recovered from the SNPs, a similar method of
preparation was used as described above. After loading the samples (stained with Coomassie
blue) in gel it was allowed to run for 3 min so that the proteins enter from the stacking gel
section to the separating gel section. The band was precisely cut and digested with Trypsin
and Lys-C (Promega). The digested samples were dissolved in 0.1% formic acid, and 5 gL
was injected into an electrospray liquid chromatography mass spectrometry (LC-MS/MS),
Bruker Maxis Il ETD. Peptides were separated by applying a gradient of 5-60% acetonitrile
and water at a flow rate of 400 nL/min. The acquired data from the LC-MSMS were
searched using the MASCOT search engine against the NCBInr database using the
taxonomy filter of mammalian database. The label-free relative quantification of the proteins
was done using the MASCOT Distiller interface (www.matrixscience.com). After
chromatogram alignment and peptide retention time determination, a weighted mean 77/ z of
each peptide was calculated and a tab delimited file was created to extract peptide intensity
using MASCOT Distiller interface. Protein abundance (intensity) was calculated from all
qualified peptides corresponding to a particular protein. An average of two repeats was used
for the calculation. Data were modified to remove duplicates of each representation, and the
higher average intensity values were considered. The proteins were then listed in order of
decreasing abundance (relative). Protein abundance/quantity calculated by this method was
represented by unitless numerical values.

Cell Uptake by TEM

The interaction and uptake of the nanoparticles with RAW 264.7 were studied using TEM.
Cells were grown on ACLAR sheets in 6-well plates and treated with desired concentration
of SNPs in presence and absence of proteins. Controls were treated by media with and
without proteins. After incubation for 4 h, cells were washed 3 times with PBS. 1 mL of
fixing solution (2.5% glutaraldehyde + 1.0% paraformaldehyde) was added to the cells, and
the mixture was incubated at room temperature for 30 min followed by 4 °C overnight.
Ultrathin sections of control cells and treated cells were imaged by a JOEL JEM 1400
microscope.

Cellular Uptake Pathway Determination

Different endocytic inhibitors were employed to determine the endocytic pathways
responsible for cellular uptake. Chlorpromazine hydrochloride (CPZ), methyl-S-cyclodextrin
(MBCD), and polyinosinic acid (PI) were used to inhibit the clathrin-mediated, caveolin-
mediate, and scavenger-mediated endocytosis pathways, respectively. RAW 264.7 cells were
preincubated with optimized doses (in terms of CCK-8 toxicity assay) for 30 min at 37 °C.
Inhibitors were then removed; cells washed with PBS and SNPs (50 zg mL™1) suspended in
media with and without serum were added to the cells and further incubated for 2 h for the
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uptake study. Control experiments were prepared in the same way without preincubation
with inhibitors. SNP internalization was quantified using inductive coupled plasma-mass
spectroscopy (ICP-MS).

Inductive Coupled Plasma-Mass Spectroscopy (ICP-MS)—The cell pellets were
transferred from centrifuging tubes to PTFE (Savillex) vial and the liquid evaporated. A 0.5
mL amount of trace metal grade HNO3 was added and allowed to digest at 150 °C for 2 h to
complete digestion. After digestion the HNO3 was allowed to dry down on the hot plate. The
oxidized product was dissolved in 2 mL of water and transferred into a PS autosampler tube.
An internal standard of Cs was added to each sample. A known standard Si reference was
taken to generate the standard curve. Measurements were made using an Agilent 7500ce
ICPMS instrument under operating conditions suitable for routine multielement analysis. All
chemicals used were of trace metal grade.

Statistical Analysis

Data are expressed as mean + SDs for at least three separate experiments. Statistical
analyses were performed by one-way ANOVA. The Tukey post-test was used where a
difference was detected. The difference compared to control was considered significant
when p < 0.05.
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Figure 1.
Scanning electron microscopy images of (A, D) Stéber SNPs with an average diameter of 46

nm (Stdéber50), (B, E) Stéber SNPs with an average diameter of 432 nm (Stéber500), and
(C, F) mesoporous SNPs with an average diameter of 466 nm (MSN500).
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Figure 2.
Transmission electron microscopy images of (A, B) Stober SNPs with an average diameter

of 46 £ 4.9 nm, (C, D) Stober SNPs with an average diameter of 432 £ 18.7 nm, (E, F)
mesoporous SNPs with an average diameter of 466 + 86 nm, and (G, H) high-resolution
image of a single mesoporous particle.
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Figure 3.
Nitrogen adsorption—desorption isotherms of (A) Stéber 42 nm, (B) Stéber 432 nm, and (C)

MSN 466 nm, and (D) X-ray diffraction patterns of MSN 466 nm. (Insets) Pore size
distribution plots for each type.
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Toxicity of silica nanoparticles toward RAW264.7 macrophages after 24 h incubation. Cell
viability curves of RAW264.7 with different concentration of SNPs as a function of mass in
the presence (A) and absence (B) of protein. Cell viability curves as a function of total
external surface area of particles in the presence (C) and absence (D) of protein. (E) Integrity
of plasma membrane after 24 h incubation with LCsqy concentrations of SNPs investigated
by lactate dehydrogenase (LDH) release assay. [(—) = absence of serum and (+) = presence
of serum; (a) = LCsp concentration (lower) in serum-free medium for each SNPs and (b) =
LCsp concentration (higher) in media with serum for each SNPs.]
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Figure 6.
SDS-PAGE of adsorbed proteins recovered from hard corona; intensity of the band indicates

the abundance of protein recovered from the particles. Proteins listed are for reference.
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Figure 8.
Cellular uptake pathway of SNP in RAW 264.7 using specific endocytosis inhibitors in the

presence and absence of serum. Values represent the mean = SD (n7= 3). *Significantly
different from control. *p < 0.05, **p < 0.01, and ***p < 0.001 are marked with an asterisk.
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Table 2
ICsq Values of Synthesized and Characterized SNPs for RAW264.7 Macrophages

LCso (ug mL™%)

serum (+)  without serum (=)

Stober50 26.2+2.7 83+12
Stober500 33.7+£0.6 274+15
MSN500  223.6 +15.6 96.8+12.0
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Table 3

Twenty-Two Most Abundant Proteins Associated with Each SNP#4

Page 28

Stober50

Stober500

MSN500

hemoglobin subunit alpha-1
hemoglobin subunit beta
serum albumin

hemoglobin fetal subunit beta
hemoglobin chain B

gelsolin isoform a precursor
unnamed protein

complement C4 precursor
vitronectin precursor

gelsolin

apolipoprotein E precursor
pigment epithelium-derived factor precursor
complement C4 isoform X2
apolipoprotein A-1
thrombospondin-1 precursor
apolipoprotein A-11 precursor
apolipoprotein E
thrombospondin-1
antithrombin-I11 precursor
complement factor B precursor
alpha-2-macroglobulin precursor

alpha-1-antiproteinase precursor

hemoglobin subunit alpha-1
gelsolin isoform a precursor
gelsolin chain A

hemoglobin subunit beta
thrombospondin-1 precursor
thrombospondin-1
alpha-2-HS-glycoprotein precursor
thrombospondin-1 isoform X4
apolipoprotein E

apolipoprotein E precursor
pigment epithelium-derived factor precursor
complement C4 precursor
apolipoprotein A-1 precursor
hypothetical protein

keratin 1

factor V

factor Xlla inhibitor precursor
alpha-2-macroglobulin precursor
coagulation factor V
alpha-1-antiproteinase precursor
PKM2 protein

pyruvate kinase PKM

hemoglobin subunit beta
beta-globin

hemoglobin chain A
apolipoprotein A-1

hemoglobin subunit alpha
alpha-2-HS-glycoprotein precursor
alpha-2-HS-glycoprotein
apolipoprotein A-1

complement C4 precursor
complement C4 isoform X2

serum albumin

vitronectin precursor

plasma serine protease inhibitor precursor
interalpha (globulin) inhibitor H4
gelsolin isoform a precursor
pigment epithelium-derived factor precursor
thrombospondin-1 precursor
complement factor | precursor
complement factor H precursor
complement factor B precursor
tetranectin precursor

fibrinogen alpha chain isoform X1

a, . . . ’ . .
Additional details of database match, accession number, molecular weight, and average intensity values for each SNPs are detailed in the

Supporting Information.
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