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Abstract

A study on the adsorption of proteins from fetal bovine serum (FBS) on spherical dense and
mesoporous silica nanoparticles with a wide range of diameters, from 70 to 900 nm, is presented.
Monodisperse populations of particles with a range of diameters were obtained through
modifications of the Stdber method. Extensive characterization of the particles was then performed
using Ny physisorption, TEM, DLS, and C-potential. Following serum exposure, proteomic
evaluation in concert with thermogravimetric analysis revealed the associated concentrations of
each protein identified in the hard corona. Small particles adsorbed the largest amount of protein,
due to their larger external surface area. Proteins with low molecular weights (<50 kDa) composed
the majority of the protein corona, totaling between 60 and 80 % of the total mass of adsorbed
protein. Here, the higher surface curvature of small particles favors the enrichment of smaller
proteins. Porosity does not promote protein adsorption, but improves deposition of the low
molecular weight protein fraction due to the size exclusion effect related to pore diameter. These
results have important implications for the use of dense and porous silica nanoparticles in
biomedical applications.
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Introduction

The integration of nanotechnology and medicine has become widespread over the last two
decades, with several integrated systems currently in clinical trials.12 Inhibitor-loaded
nanomaterials may be decorated with a multitude of targeting ligands, limiting the adverse
side effects commonly observed due to the interaction of systemically-administered
chemotherapeutics with normal cells. Of these materials, nano- and microparticles have
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received a great deal of attention due to their ease of construction and modification,
biocompatibility, and uniform molecular adsorption and release kinetics.3# However, in
order to realize the true potential of these particle-based platforms, it is important to
understand the properties of the nano-bio interface.

One of the greatest challenges currently hindering the advancement of these particle-based
therapies occurs when particles are initially exposed to biological fluid.> In this
environment, proteins and receptors will bind to the surface of the material, which can
induce an immunogenic response,®’ a complex process that has only recently been
examined in relation to particle-based therapies.8 The proteins and biomolecules associated
with particles after exposure to the biological fluid, collectively termed the ‘protein corona’,
have been shown to strongly adhere to the surface.%-11 The protein corona evolves both
temporally and spatially.12-14 As illustrated by Barran-Berdén et al, “burst” adsorption, a
period of rapid initial adsorption, results from proteins and biomolecules that are in high
concentration and possess a strong affinity for the particle surface.12 Over time, equilibrium
is reached as proteins at lower serum concentrations slowly exchange onto the particle
surface. Thus, one could envision a competition for the particle surface, where each protein
or molecule exhibits a unique equilibrium constant. Dynamic light scattering (DLS) studies
have indicated that the protein corona is composed of both a hard inner layer, containing
strongly adsorbed proteins with slow exchange rates, and a soft outer layer, containing
proteins that exchange more rapidly and frequently. To date, analysis of the protein corona
has primarily been conducted on the hard layer, that is, the layer of proteins remaining after
the soft layer has been removed through washing. However, recently, Sakulkhu and
coworkers were able to isolate the soft corona on iron oxide nanoparticles using magnetic
and column separation.® The properties of this particle-protein complex are responsible for
effects on surrounding cells and tissue, rather than the native particle.

It is now widely accepted that the physicochemical properties of engineered particles greatly
influence the composition of the protein corona.16:17 Size, shape, C-potential (“zeta”
potential, related to nanoparticle surface charge in solution), and surface chemistry play a
key role in the development and dynamics of the corona.18-20 The materials from which
nanoparticles can be prepared, including lipids, silica, metal oxides, and various polymeric
systems, each form a unique corona that depends on their chemical properties.18:21.22 |n
particular, porous and dense silica have received attention due to their biocompatibility and
stability in a variety of biological systems. 2324 By controlling synthetic parameters,
properties such as particle diameter, shape, and surface composition can be easily tuned for
many biomedical applications. However, while many studies have focused on silica
nanoparticles (< 200 nm), larger particles (200 — 1000 nm) with the same composition and
surface chemistry have been shown to exhibit different behavior Jn vitro and in vivo.2526 In
one example, an inverse correlation between particle size and cytotoxicity in HepG2 cells
was observed, where smaller particles were found to be more cytotoxic than larger ones and
500 nm particles were found to be non-toxic.28 Similarly, a different study using
mesoporous nano- and micron-sized silica particles showed that 1220 nm particles were
significantly less cytotoxic than 190 and 420 nm particles in both human breast cancer cells
and African green monkey kidney cells.2’
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Numerous reports have suggested that particle diameter is one of the key factors contributing
to the formation of the protein corona. However, these reports have been limited to particles
with diameters less than 200 nm.28-30 |n this work, we investigate the adsorption of proteins
on bare, spherical silica particles with a wide range of diameters, from 70 to 900 nm. We
also compare dense and mesoporous silica particles with similar diameters. Previous work
done by our group examined the relationship between surface modifications on 70 nm
mesoporous silica and the identity and composition of the protein corona. These experiments
will inform future studies on the relationship between protein adsorption and cytotoxicity.

Experimental Section

All materials were purchased from Sigma Aldrich and used as received unless otherwise
noted. Nanoparticle morphology and size were studied by transmission electron microscopy
(TEM) using a JEOL 1400 microscope operating at 80 kV. Samples were dispersed in
ethanol, transferred to carbon coated copper grids, and then immediately imaged. Nitrogen
gas physisorption isotherms were measured in a Micromeritics Flowsorb apparatus. Surface
area calculations were carried out using the BET method, pore size distributions were
calculated using to the KJS adjustment of the BJH method.3! Particle size and C-potential
measurements were conducted by dynamic light scattering (DLS) in a Malvern Instruments
Zetasizer Nano ZS. Dried materials were re-suspended in deionized water at a concentration
of 5 pg/mL and measurements were performed at 25 °C. In the case of bigger particles (e.g.,
particle diameter of about 1 um), for particle diameter measurement, sodium silicate 0.15%
was added to the medium in order to keep a stable colloid. The mean hydrodynamic
diameter was determined by cumulant analysis. The organic content on the different samples
before and after protein adsorption was quantified by thermogravimetric analysis in a
Mettler-Toledo TGA/SDTA851, apparatus.

Synthesis of dense 85, 250, and 500 nm silica particles

The synthesis of these particles were conducted by modifying the Stéber method.32 The
following procedure describes the synthesis of 85 nm particles; Table 1 shows adjustments
made for the three different particle diameters. EtOH (100 %, 20 mL) was mixed with
NH4O0H (13.7 M, 1.5 mL) at room temperature in a 100 mL round-bottom flask equipped
with a magnetic stir bar. This mixture was stirred briefly to equilibrate, and then
tetraethoxysilane (TEOS, 2 mL in 5 mL EtOH, 7 mL, 8.96 mmol) was added to the solution.
This mixture was then stirred for 1 h at room temperature. Afterwards, the precipitate was
isolated via centrifugation (14,800 rpm, 5 min) and resuspended in EtOH using a Branson
2510 sonicator operating at 40 kHz. This process was repeated three times in order to
remove as much unreacted reagent as possible. Aggregation was avoided by suspending the
nanoparticles in EtOH and sonicating for 5 — 10 mins every few days.

Synthesis of dense 900 nm silica particles

Synthesis of these particles was carried out in a two-step process. Seed particles (~300 nm)
were first synthesized using a previously reported procedure, and then these particles were
grown to 900 nm in situ by the slow addition of TEOS and EtOH.23 To prepare the seed
particles, NH,OH (13.7 M, 10.0 mL) and EtOH (100%, 50 mL) were combined at room
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temperature and allowed to equilibrate. TEOS (0.5 mL in 2 mL EtOH, 0.24 mmol) was then
added and the mixture was stirred for 2 h at room temperature. The seed particles now
present in the flask were then grown to 900 nm by adding a solution of TEOS (7 mL in 28
mL EtOH, 33.6 mmol) slowly (~0.5 mL/min) via a separatory funnel. Following the final
addition of TEOS, the particles were stirred for an additional 2 h, and then isolated by
centrifugation (15000 g, 15 min) to remove most of the solvent, followed by a second
centrifugation (3000 rpm, 5 min). To remove large aggregates, particles were filtered
through a 5 pm filter prior to protein adsorption experiments.

Synthesis of 70 nm mesoporous silica particles

Hexadecyltrimethylammonium bromide (CTAB, 1.00 g, 2.76 mmol) was dissolved in a
solution of sodium hydroxide (14 mM in H,0O, 500 mL) at 80 °C and stirred rapidly. TEOS
(5.0 mL, 22.4 mmol) was added over 2 minutes to the solution using a syringe pump. After 2
h, the flask was cooled in an ice bath, and the precipitate was removed by filtration and
washed with water and MeOH. The solid was then dried at 100 °C overnight in an oven and
calcined at 540 °C for 6 h in air.

Synthesis of 850 nm mesoporous silica particles

Mesoporous silica particles of 850 nm were synthesized according to a previously published
protocol.33 EtOH (100%, 138 g), Milli-Q H,0 (162 g), and NH,OH (28.95 wt%, 11.6 mL)
were combined at room temperature in a round bottomed flask equipped with a magnetic stir
bar. CTAB (0.280 g, 0.768 mmol) was then added and allowed to completely dissolve. After
5 min, TEOS (1.388 mL, 6.66 mmol) was added and the reaction proceeded for 2 h at room
temperature. The resulting mesoporous silica particles were then isolated via centrifugation
at 15000 g for 10 min to remove most of the solvent, followed by a second centrifugation at
3000 rpm for 5 min, and washed several times with EtOH and H,O. Finally, the particles
were dried under vacuum at room temperature for 24 h prior to calcination. Removal of the
surfactant was achieved by calcining the material at 550 °C for 6 h in air.

Protein adsorption experiments

SDS-PAGE

Prior to serum exposure, particles were suspended in PBS and diluted to achieve a final
concentration of 1 mg/50 pL. Subsequently, an aliquot containing 1 mg of particles was
added to 10 % FBS/DMEM (1 mL). After incubation at room temperature for 1 h, the
protein-adsorbed particles were isolated through centrifugation at 14800 rpm for 5 min and
washed three times with PBS (1 mL) to ensure that any free or loosely bound proteins were
removed from the solution.

One-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
was performed on the proteins isolated after serum incubation. Removal of the hard corona
was achieved by sonicating nanoparticles in Laemmli buffer (63 mM Tris-HCI, pH 6.8, 40
mM DTT, 0.01% (w/v) bromophenol blue, 10% glycerol, 2% (w/v) SDS). Particle
suspensions were then boiled for 5-10 min in a hot water bath. Particles were then removed
from the suspension through centrifugation (14,800 rpm, 5 min) and the supernatant was
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saved for SDS-PAGE analysis. Protein separation was then performed on a Bio-Rad Mini-
PROTEAN electrophoresis system (120 V, 1.5 h). The gels were then stained for 2 h using
GelCode blue stain reagent (Thermo Scientific), followed by de-staining overnight in
deionized water.

Proteomics analysis

The digested peptide sample was desalted using a ZipTip C1g (P10, Millipore Corporation,
Billerica, MA) according the manufacturer’s protocol, and then dried in a SpeedVac. The
dried peptide samples were dissolved in 20 pl 0.1% formic acid and 2% acetonitrile, and 5 pl
were loaded onto a fused silica microcapillary LC column (12 cm x 100 um inner diameter)
packed with C18 reversed-phase resin (5 um particle size; 20 nm pore size; Magic C1gAQ,
Michrom Bioresources Inc.). Peptides were separated by applying a gradient of 3-60%
acetonitrile in 0.1% formic acid at a flow rate of 250 nL/min for 45 min. Nanospray ESI was
used to introduce peptides into a liner ion trap (LTQ)-Orbitrap mass spectrometer (Thermo
Fisher Scientific) via a nanospray ionization source. Mass spectrometry data was acquired in
a data-dependent acquisition mode, in which an Orbitrap survey scan from m/z 400-2000
(resolution: 30,000 FWHM at m/z 400) was paralleled by 10 LTQ MS/MS scans of the most
abundant ions. After an LC-MS run was completed and spectra were obtained, the spectra
were searched against the IP1 Bovine protein sequence databases (V 3.85) using Proteome
Discoverer software (version 1.4; Thermo Electron, San Jose, CA). The search parameters
permitted a 20 ppm precursor MS tolerance and a 1.0 Da MS/MS tolerance. Oxidation of
methionine (M) and carboxymethylation of cysteines (C) were allowed as variable
modifications. Up to two missed tryptic cleavages of peptides were considered. The cutoffs
for SEQUEST assignments were: cross-correlation (Xcorr) scores greater than 1.9, 2.5, and
3.0 for peptide charge states of +1, +2, and +3, respectively; and a delta-correlation (ACn)
score > 0.1. Then, all .srf files for each sample were inputted into Scaffold (version
Scaffold_4.0.5, Proteome Software Inc., Portland, OR) for the calculations of total spectrum
counts.

Calculation of mass % of individual proteins

Following triplicate analysis of adsorbed proteins by LC-MS, the normalized spectral counts
(NSpC) for each protein, which represent the percentage of each protein identified in the
proteomics analysis as a function of molecular weight, were multiplied by the overall mass
of adsorbed protein as determined by thermogravimetric analysis (TGA). The result of this
calculation (NSpC x TGA) is the contribution of each protein to the total adsorbed mass;
standard deviations were determined from these values.

Results and Discussion

To investigate the influence of particle diameter on the adsorption of proteins from serum,
four batches of dense, silica spheres with diameters between 85 and 915 nm (as determined
by TEM, Table 2 and Figure 1) were synthesized using modifications of the Stéber method.
For simplicity, they are called 85, 250, 500, and 900 nm particles throughout this
manuscript.
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DLS analysis was performed to analyze the C-potential, polydispersity index (Pdl), and
hydrodynamic diameter of each particle population (Table 2). Because our primary interest
for this investigation was to survey the identity and composition of the protein corona as a
function of particle diameter, materials with similar physicochemical properties were of
great importance for both dense and mesoporous particles. For the porous materials, N,
physisorption revealed type 1V isotherms for both samples, indicative of a mesoporous
structure (Figure 2). The surface areas and pore diameters were consistent with expected
values for mesoporous materials. Particle diameters were reasonably similar between TEM
and DLS measurements with the exception of sample d; in this case, the large Pdl value was
an indication of the difficulty in obtaining DLS measurements for large dense particles,
which can be subject to sedimentation within the optical cell in which sampling took place.
Sample f showed a closer diameter between TEM and DLS measurements, although the Pdl
was larger, consistent with sample d. Plots of particle size distribution for all samples may
be found in the Supporting Information. For consistency with the dense particles, porous
particle diameters will be represented by the approximate TEM diameters (70 and 850 nm).
Also of note was the difference in C-potential between dense and porous particles. This was
most likely due to the calcination step used to remove the surfactant from samples e and f
after synthesis to open the porosity. Calcination led to condensation of surface silanols and
reduction of surface charge. Although C-potential played a part, protein adsorption appeared
to be driven primarily by other factors (see below). This is consistent with the results of
Mahmoudi et al., who demonstrated that other forces, i.e. protein hydrophobicity/
hydrophilicity, London dispersion, protein-protein interactions, and hydrogen bonding, were
the predominating factors in driving the formation of the protein corona.l®

To evaluate the role of particle diameter on the protein corona composition and identity,
particles of each diameter were incubated in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) at a fixed concentration of 1
mg/mL for 1 hour at room temperature. Removal of the soft corona was achieved by
isolating the particles through centrifugation, followed by repeatedly washing the particles
with PBS. In order to measure the mass percentage of the remaining adsorbed proteins (i.e.,
the hard corona), the particle-protein complexes were dried under vacuum for at least 24 h
prior to analysis. Thermogravimetric analysis (TGA) was then performed and the total
amount of adsorbed protein was calculated as a function of weight loss (Table 3).

The DLS diameter was used to calculate surface areas of dense particles because it was
measured in solution. TGA analysis indicated that the smallest particles adsorbed the
greatest amount of protein. This was due to differences in total surface area. For example, at
1 mg/mL, the available surface area for protein adsorption was an order of magnitude
different between samples a and d. However, normalizing the total amount of adsorbed
protein to the total surface area of each sample showed the opposite trend, where increasing
the particle diameter greatly increased the amount of adsorbed protein. It has been
hypothesized that the decreased surface curvature of larger particles favors protein binding,
as proteins are able to pack together more closely on smoother surfaces.11:34 Finally,
normalizing the C-potential to the total surface area of each sample also showed the impact
of decreased surface area, with the charge increasing as particle diameter increased.
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The identity and composition of the hard corona were analyzed using one-dimensional
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electrospray
liquid chromatography mass spectrometry (LC-MS/MS). SDS-PAGE analysis showed a
complex mixture of proteins isolated from the particles (Figure 3). While the biomolecular
fingerprint of the protein corona appeared to be similar for each particle diameter,
differences in concentrations were apparent. Quantification of individual proteins was
performed by combining the thermogravimetric data with the spectral counts obtained from
LC-MS/MS analysis (Equations 1 & 2). In these equations, SpCy and NSpCy, are the spectral
counts and normalized spectral counts for an individual protein 4; taken from LC-MS/MS
analysis; Mwy is the molecular weight of protein &, and TGA is the weight of protein
adsorbed onto the particles in ug/mg.

SpC
NSpC= L:" x 100

n

X it @

g of protein k=NSpCy, x TGA (2)

For all particle diameters and types, proteins with molecular weights below 50 kDa
comprised the majority of the protein corona, totaling between 60 and 80 % of the total mass
of adsorbed protein (Figure 4, /eft panel). Interestingly, as the particle diameter increased,
the mass percent of proteins with molecular weights between 50 and 100 kDa also increased,
at the expense of proteins below 50 kDa. In general we observed the trend that larger
particles adsorbed a greater fraction of proteins with higher molecular weights. While there
appears to be an exception for the 900 nm dense particles, which adsorbed more proteins in
the 50 — 100 kDa range but fewer proteins above 100 kDa, the total mass of protein adsorbed
for this sample was small compared to the other particles.

Consistent with our previous data and many other results in the literature,6:3% the amount of
the proteins in the corona did not correlate with their relative abundance in the serum.36 For
example, serum digestion and analysis confirmed that serum albumin was one of the most
abundant proteins found in the 10% FBS used for these experiments (data not shown), but it
was found in relatively low abundance on all samples that were analyzed, comprising less
than 4% of the complete corona in each class of particles. Similarly, one of the most
abundant serum proteins, serotransferrin, was also not identified on any particle sample. On
the other hand, apolipoprotein A-I1, a light protein (~11 kDa) found in high concentrations
in serum, was the most abundant protein (14%) of the corona for 85 nm particles and was a
major component of the corona of all particles. Here, the higher surface curvature of small
nanoparticles favored the enrichment of smaller proteins;37:38 particles of 250, 500 and 900
nm were better able to accommaodate heavier proteins such as apolipoprotein E (~30 kDa).
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We36 and others27:39.40 have previously shown that the C-potential of the particles becomes
less negative upon protein adsorption. Regardless of C-potential, none of the particles
exhibited a preference for protein adsorption based on the protein’s isoelectric point (Figure
4, right panel). This is rather surprising given the negative C-potentials present on each type
of particle. Based on electrostatic interactions, one could hypothesize that particles
possessing a negative surface charge would preferentially bind positively-charged proteins.
However, others have suggested that neither protein size nor charge significantly determine
the protein fingerprints, confirming that electrostatic affinity alone does not constitute the
major driving force regulating the silica-corona interactions.*!

Protein adsorption onto porous silica particles is a more complicated process than for dense
silica particles. The addition of pores along the particle surface provides openings, or void
spaces, into which proteins may diffuse. Indeed, numerous investigations have reported on
the immobilization of proteins within mesoporous materials.#2-44 However, diffusion deep
into mesoporous materials with pore diameters on the order of 4 nm (as used here) in the
presence of complex protein mixtures is slow even for low molecular weight proteins,
because the diameters of the folded proteins are similar to the pore diameter. Therefore,
proteins are likely to gather at the pore entrances and prevent adsorption throughout the
interior of large particles, so that much of the internal surface area becomes inaccessible
after the first proteins are adsorbed.4>46 Some confirmation of this idea is provided by the
fact that although the total surface area of the porous particles was much larger than the
dense particles, the total amount of protein adsorbed (Table 3) and the trends in specific
adsorption between the two groups are not very different. Also consistent with dense
particles was the fact that, comparing groups of porous particles, the amount of low
molecular weight proteins decreased as particle diameter increased.

On the other hand, when comparing porous particles to dense particles of the same or similar
diameters, some differences become apparent. Most notable is that the fraction of low
molecular weight proteins in the corona is even more enhanced when the particles are
porous, regardless of particle diameter. This is particularly obvious when comparing smaller
porous and dense particles; at least 80% of the proteins in the corona of the 70 nm porous
silica particles had molecular weights less than 50 kDa (Figures 4 and 5). Thus in addition to
the influence of surface curvature, a size exclusion effect related to the small pore diameter
(~ 4 nm) also enhanced the adsorption of smaller proteins. This is consistent with our
previous protein adsorption study.3®

Finally, it is interesting to note the biological function of proteins present in the corona.
Consistent with other literature results, apolipoproteins comprised a majority of the protein
corona on all dense and porous samples.#’ Tenzer and coworkers demonstrated that these
lipoproteins, which are actively involved in lipid and cholesterol transport, promote
nanoparticle internalization in endothelial cells. However, in the absence of additional in
vitro studies, assessing the impact of having this class of proteins in the corona is
speculative. We are currently performing in vitro and in vivo studies to address issues related
to particle-cell interactions.
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Conclusions

Monodisperse dense and mesoporous silica particles were synthesized with a range of
diameters from 70 — 900 nm in order to study the relationship between particle diameter and
the formation of the protein corona. Small particles adsorbed the largest amount of protein,
regardless of whether they were dense or porous. For dense particles, this was due in part to
the larger surface area of the particles. Although the porous particles had nearly identical
surface areas due to their large internal porosity, and therefore one might expect them to
adsorb similar amounts of protein, the larger porous particles unexpectedly adsorbed
significantly less protein than the smaller porous particles. This is attributed to pore
blockages created by early-adsorbing proteins, which limit the surface area available to the
external particle surfaces. Small dense particles adsorbed lower molecular weight proteins,
due to their large surface curvature. Interestingly, porous particles of any diameter adsorbed
a much greater fraction of low molecular weight proteins, due to the size exclusion effect
related to pore diameter. From a practical point of view, to minimize immunogenic processes
associated with protein adsorption for specific in vivo biomedical applications, silica
nanoparticles with a moderate size (> 500 nm, dense or porous) are the best option. This
may also be relevant in drug delivery, where particle aggregation due to protein adsorption is
an important consideration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Transmission electron microscopy (TEM) images of particles with nominal diameters of (a)

85, (b) 250, (c) 500, and (d) 900 nm. Mesoporous particles of (e) 70, and (f) 850 nm are also
shown. Note the different scale bars in each image.
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Figure 2.
Pore size distributions of 70 nm and 850 nm mesoporous silica particles.
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Figure 3.
SDS-PAGE of isolated corona proteins.
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Figure 4.

Comparison of the weight percent of the protein corona (NSpC x TGA) across dense and
porous particles with different diameters, with respect to (/eft panel) molecular weight;
(right panel) isoelectric point.
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Heat map illustrating the differences in protein corona composition of porous and dense
silica particles. Only proteins with concentrations greater than 1.5 ug/mg particles are
included. Note that the color gradients are nonlinear to facilitate observation of proteins
present in small amounts. A table of ug protein/mg particles for all identified proteins can be

found in the Supporting Information.
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