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Abstract: A multitude of nanoparticles, such as titanium oxide (TiO,), zinc oxide, aluminum
oxide, gold oxide, silver oxide, iron oxide, and silica oxide, are found in many chemical, cosmetic,
pharmaceutical, and electronic products. Recently, SiO, nanoparticles were shown to have an inert
toxicity profile and no association with an irreversible toxicological change in animal models.
Hence, exposure to SiO, nanoparticles is on the increase. SiO, nanoparticles are routinely used
in numerous materials, from strengthening filler for concrete and other construction composites,
to nontoxic platforms for biomedical application, such as drug delivery and theragnostics. On
the other hand, recent in vitro experiments indicated that SiO, nanoparticles were cytotoxic.
Therefore, we investigated these nanoparticles to identify potentially toxic pathways by analyz-
ing the adsorbed protein corona on the surface of SiO, nanoparticles in the blood and brain of
the rat. Four types of SiO, nanoparticles were chosen for investigation, and the protein corona
of each type was analyzed using liquid chromatography-tandem mass spectrometry technology.
In total, 115 and 48 plasma proteins from the rat were identified as being bound to negatively
charged 20 nm and 100 nm SiO, nanoparticles, respectively, and 50 and 36 proteins were found
for 20 nm and 100 nm arginine-coated SiO, nanoparticles, respectively. Higher numbers of
proteins were adsorbed onto the 20 nm sized SiO, nanoparticles than onto the 100 nm sized
nanoparticles regardless of charge. When proteins were compared between the two charges,
higher numbers of proteins were found for arginine-coated positively charged SiO, nanopar-
ticles than for the negatively charged nanoparticles. The proteins identified as bound in the
corona from SiO, nanoparticles were further analyzed with ClueGO, a Cytoscape plugin used
in protein ontology and for identifying biological interaction pathways. Proteins bound on the
surface of nanoparticles may affect functional and conformational properties and distributions
in complicated biological processes.
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Introduction

Silica oxide (Si0,) nanoparticles have become the preferred choice in the manufacture
of glass and semiconducting products, and their use is on the rise." In addition, SiO,
nanoparticles are now being incorporated into building materials, such as strengthen-
ing filler for concrete and other construction composites. The potential applications
of nanotechnology using SiO, nanoparticles seem endless, with nanoparticle-based
platforms now expanding in sensor and electronic devices, the food and cosmetic
industries, and biomedical applications, such as drug delivery and theranostics.”” In
biomedical research, polyethyleneimine-functionalized silica particles was selected for
targeting and tracking cancer cells by designing functional groups on the surface. SiO,
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nanoparticles can also be made porous, acting as nontoxic
biocompatible vehicles for intracellular delivery of drugs.

In the early research on nanoparticles, their toxicity
profiles were principally determined according to particle
size.'"” As more and more variants of SiO, nanoparticles
became available, it was apparent that size alone could not
adequately explain the diverse outcomes and heterogenous
toxicity profiles. More recently, in vitro experiments with
SiO, nanoparticles using the human reconstituted epidermis
model (EpiDerm™ 3D, MatTek Corporation, Ashland, MA,
USA) have clearly shown a high degree of cytotoxicity.!®!
When 15 nm SiO, nanoparticles were investigated for their
cellular toxicity in vitro using A43 human skin epithelial
cells and A549 human lung epithelial cells, their cytotoxic-
ity was found to be due to oxidative stress and induction
of apoptosis.'> Further, reduced growth of U87 human
astrocytoma cells was observed on exposure to 12 nm SiO,
nanoparticles at higher concentrations (25 pg/mL)."* In vitro
and in vivo studies have reported that SiO, nanoparticles
cause damage to the cardiovascular system.'* Moreover,
mice treated with SiO, nanoparticles showed signs of
oxidative stress and an inflammatory response,'® with the
administered nanoparticles accumulating mainly in the lung,
liver, and spleen.'®'® In all cases, the cytotoxic mechanism
was suggested to involve pathways for oxidative stress and
induction of apoptosis in the mitochondria.'*?* On the other
hand, administration of SiO, nanoparticles in rats did not
have any toxic effect, except for formation of granuloma in
the liver and spleen.?

In the in vivo setting, when reconstituted nanoparticles
in solution are administered via intravenous or intracerebral
injection, nanoparticles would encounter proteins from blood
or cerebrospinal fluid, which would influence their interactions
at the cellular and tissue levels. Hence, proteomic analyses
of proteins bound on the surface of nanoparticles, known as
protein corona, might improve our understanding of the role
of nanoparticles in activating certain cytotoxic pathways. Each
surface modification would dictate the overall surface charge,
size, stability, and cell specificity of nanoparticles in a targeted
drug delivery, determining interactions with critical factors
and the cytotoxicity and efficiency of cellular uptake. Ana-
lyzing the protein corona could also provide clues enabling
prediction of the long-term effects of nanoparticles, as well
as their clearance. Recently, SiO, nanoparticles were reported
to have affinity for a wide range of proteins.?® In addition,
interactions between SiO, nanoparticles and lysozymes seem
to be determined by the size and structure of the nanoparticles
when preferentially activating certain enzymes.?” Therefore,

according to the above reports, SiO, nanoparticles may
interact with many diverse cellular and extracellular proteins,
which may be influential factors for in vivo interactions.

In this work, interactions between SiO, nanoparticles and
proteins from blood and brain homogenates were analyzed
for assessing their potential interactive pathways, and the
adsorbed protein corona from blood and brain tissue were
identified on the surface of SiO, nanoparticles. Four types of
SiO, nanoparticles, 20 nm and 100 nm in size with positive
and negative charges, were selected and investigated using
a proteomics approach with liquid chromatography-tandem
mass spectrometry (LC-MS/MS) technology. Identified bound
proteins in the protein corona from SiO, nanoparticles were
further analyzed with ClueGO, a Cytoscape (National Institute
of General Medical Sciences, Bethesda, MD, USA) plugin
used in the investigation of protein ontology and potential inter-
actions between SiO, nanoparticles and biological processes,
which may affect functional and conformational properties in
complicated systems.

Materials and methods

Preparation of nanoparticles

SiO, nanomaterials (20 nm and 100 nm in size) were obtained
from E&B Nanotech Co, Ltd, (Gyeonggi-do, Korea).
L-arginine was used to protonate the silanol groups on the
surface of the SiO, nanoparticles and inhibited hydrogen
bonding.?® In brief, negatively charged 20 nm and 100 nm
SiO, nanoparticles (SiO,*** and SiO,"'"") were diluted
in deionized water, then vigorously mixed with L-arg (R)
solution at around 298 K for one hour. The mixture was
titrated using HCI solution, and physicochemical properties
were verified including average size, morphology, and zeta
potential.*® The mean size of the SiO,**** and SiO,"™'*®)
nanoparticles was 2012 nm and 90113 nm, respectively, and
the mean size of the 20 nm and 100 nm arginine-coated SiO,
nanoparticles (SiO,"®, SiO FN%®) was determined to be
2142 nm and 9249 nm, respectively. The zeta potentials were
measured to be +60 to —20 mV (SiO,**°7), 70 to +70 mV
(Si0,™®), —80 to —20 mV (SiO,™'*), and —60 to +60 mV
(SiOZENIOO(R))'

Preparation of plasma and brain

homogenate

Rat plasma samples were collected in a sodium/heparin
anticoagulant tube to prevent blood clotting and centrifuged
for 30 minutes at 850x g to separate the plasma from blood
cells. The supernatant (plasma) was transferred, aliquoted,
and stored at —80°C.
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Whole brains were obtained from adult rats immediately
after euthanasia. The left hemisphere of the brain was stored
in formalin at 4°C for immunohistochemistry. A 10% (w/v)
homogenate for protein analysis was prepared as follows:
samples taken from the right hemisphere of the brain were
homogenized with a phosphate-buffered saline solution
containing ceramic beads in a Ribolyser tube (Hybaid Ltd,
Ashford, UK). This was dispensed into 2 mL tubes and
centrifuged for an additional 30 minutes, after which the
supernatant was stored at —80°C.

Incubation of SiO, nanoparticles

with plasma and brain homogenate

Prior to the binding experiment with SiO, nanoparticles,
plasma was centrifuged at 22,000x g for 30 minutes at
4°C, and 500 pL of supernatant were transferred into a new
tube. SiO, nanoparticle concentrations were prepared using
phosphate-buffered saline. Because 20 nm SiO, nanoparticles
have a larger surface area than 100 nm SiO, nanoparticles at
the same concentration, each concentration was calculated
to adjust identical surface area between 20 nm and 100 nm
SiO, nanoparticles during incubation. The 20 nm and 100 nm
SiO, nanoparticles were diluted to 0.2 mg/mL and 1 mg/mL,
respectively, in phosphate-buffered saline. Rat plasma and
brain homogenate were added separately to all four types of
SiO, nanoparticles, and incubated for one hour at 37°C. After
incubation, the solution was centrifuged for 30 minutes at
18,000 g and then washed three times with 1 mL phosphate-
buffered saline. Afterwards, the bound proteins in the SiO,
nanoparticles were analyzed by LC-MS/MS.

Analysis of proteins by LC-MS/MS

The LC-MS/MS was performed by Diatech Korea Co, Ltd,
(Seoul, South Korea). The methodology used is described
in detail below.

Enzymatic in-gel digestion

The proteins, separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, were excised from
the gel, and the pieces of gel including the proteins were
destained using 50% acetonitrile with 50 mM NH,HCO, and
vortexed to completely remove the Coomassie brilliant blue.
The pieces of gel were dehydrated in 100% acetonitrile and
vacuum-dried with a SpeedVac® device (Thermo Fisher Sci-
entific Inc., Waltham, MA, USA) for 20 minutes. The pieces
of gel were reduced by 10 mM DTT in 50 mM NH,HCO, for
45 minutes at 56°C for digestion. Next, the cysteines were
alkylated with 55 mM iodoacetamide in 50 mM NH,HCO,

for 30 minutes in the dark. Finally, each piece of gel was
treated with 12.5 ng/uL sequencing grade-modified trypsin
(Promega, Madison, W1, USA) in 50 mM NH,HCO, buffer
(pH 7.8) at 37°C overnight. Following digestion, 5% formic
acid in 50% acetonitrile solution at room temperature for
20 minutes was used to extract the tryptic peptides. After
drying the supernatants, resuspended samples in 0.1% formic
acid were purified and concentrated using C18 ZipTips (EMD
Millipore, Billerica, MA, USA) before analysis by mass
spectrometry.

Nanoliquid chromatography-electrospray
ionization-tandem mass spectrometry

The tryptic peptides were loaded onto a fused silica micro-
capillary column (12 cm x 75 pum) packed with C18 reversed
phase resin (5 pum, 200 A). Liquid chromatography separation
was performed as follows: a gradient of 3%—40% solvent
B (acetonitrile containing 0.1% formic acid) solvent A
(deionized water containing 0.1% formic acid), with a flow
rate of 250 nL per minute, for 60 minutes. The column
was directly connected to an LTQ™ linear ion-trap mass
spectrometer (Thermo Electron Corporation, CA, San Jose,
USA) equipped with a nanoelectrospray ion source. The
electrospray voltage was set at 1.95 kV. The threshold for
switching from mass spectrometry to tandem mass spectrom-
etry was 500. The collision energy for tandem mass spectrom-
etry was 35% of the main radio frequency amplitude. The
duration of activation was 30 msec. All spectra were acquired
in data-dependent scan mode. Each mass spectrometry
scan was preceded by five tandem mass spectrometry scans
corresponding to the most intense to the fifth most intense
peaks of the full mass spectrometry scan. Repeat count of
peak for dynamic exclusion was 1, and its repeat duration
was 30 seconds. The duration of dynamic exclusion was set
for 180 seconds. Width of exclusion mass was 1.5 Da, and
the list size of dynamic exclusion was 50.

Database searching and validation

The acquired liquid chromatography-electrospray ionization-
tandem mass spectrometry fragment spectra were searched
in the BioWorksBrowser™ (version Rev. 3.3.1 SP1, Thermo
Fisher Scientific Inc.) with the SEQUEST search engines
against the National Center for Biotechnology Information
(http:// www.ncbi.nlm.nih.gov/) nonredundant Mus musculus

database (August 20, 2008 version). The searching conditions
were trypsin enzyme specificity, a permissible level for two
missed cleavages, peptide tolerance; +2 amu, a mass error
of £1 amu on fragment ions, and fixed modifications of
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carbamidomethylation of cysteine (+57 Da) and oxidation of
methionine (+16 Da) residues. The ACn was 0.1, the Xcorr
values were 1.8 (+1 charge state), 2.3 (+2), and 3.5 (+3), and
the consensus score was 10.15 for the SEQEST criteria. The
consensus score was used for the selection criteria, where
the corresponding score to within 1% would have a higher
degree of false discovery rate in our results.

ClueGO

Cytoscape is powerful software which can visualize the
relationship between proteins and genetic interactions. The
Cytoscape plugin, ClueGO, allows analysis of gene ontol-
ogy and biological gene processes acting in concert with
other interacting proteins.?® The ClueGO program was used
to analyze the single or cluster of genes, according to the
respective organisms with different identifier types. ClueGO
used precompiled files, such as GO, KEGG, and BioCarta,
to increase the speed of ClueGO analysis. In this work, the
biological process of GO was used to visualize the network
of biological processes related to protein corona. Statisti-
cal tests were used to calculate the P-value and statistical
significance for each group. Moreover, it was possible to
regulate network types from detailed networks to global
networks. The global network simplified the biological
processes by adjusting the significance of particular genes.
In contrast, the detailed network displayed very specific
interacting processes. After starting the functional analysis,
ClueGO displayed the visualized network interactions, an
information table for associated genes, and a significance
histogram for each group, as well as a chart overview of the
functional groups.

Results
Plasma and brain homogenate proteins on the surface of SiO,
nanoparticles were identified and classified according to their

the criteria, ie, score >10.15, did not differ significantly
according to the size or surface charge of the nanoparticles.
More plasma proteins bound to SiO,***® (115 proteins)
than to SiO,*¥*°) (48 proteins). Fewer proteins bound to 100
nm SiO, nanoparticles than to 20 nm SiO, nanoparticles.
Regarding SiO,"™'"® and SiO,"™'%), 50 and 36 bound
proteins were identified, respectively. Interestingly, greater
numbers of proteins seemed to bind to positively charged
SiO, nanoparticles than to their negatively charged counter-
parts. Negatively charged proteins could be responsible for
this preference through electrostatic interactions between
protein and SiO, nanoparticles. We cannot explain our find-
ing of a larger number of proteins bound to the smaller SiO,
nanoparticles than to the larger ones. However, a plausible
reason could be the increased surface area of the 20 nm SiO,
nanoparticles compared with the 100 nm SiO, nanoparticles,
which allowed greater numbers of proteins to bind onto the
surface.

With regard to proteins from brain homogenate, 170 and
125 proteins bound to SiO,"® and SiO,**°), respectively,
while 142 and 145 proteins were identified on SiO *N%®
and SiO "N, A greater number of proteins bound onto the
positively charged 20 nm SiO, nanoparticles than onto their
negatively counterparts in brain homogenate also.

The degree of similarity between the proteins was com-
pared for the different types of nanoparticles in plasma and
brain homogenate (Tables 2 and 3). Twenty-eight percent
of the plasma proteins bound to SiO,* **® were also bound
to SiO,"™™C), whereas SiO,*¥* had 67% similarity to
Si0,™*®_ This phenomenon could be caused by the positive
and negative charge difference of SiO,. Fifty-six percent of
the same proteins were bound to SiO,"N'®) ‘but 78% of the

Table 2 Ratio of similarity of plasma protein coronas for different
types of SiO, nanoparticles

affinity (Table 1). The number of plasma proteins within ~ Types of NPs Total Common Similarity
proteins proteins (%)
Charge
Table | Number of total proteins belonging within and outside Si0, 0w s 2 28
criteria proteins according to type of SiO, nanoparticle Si0 o) 48 67
Diameter Samples Charge Total Within  Outside SiO, FN10R) 50 28 56
proteins criteria of criteria SiQ, N1 36 78
20 nm Plasma + 132 115 24 Size
- 52 48 15 SiO, 0 48 26 54
Brain + 175 170 Il SiO,EN1000) 36 72
homogenate — 155 125 33 SiO,FN20®) 5 30 26
100 nm Plasma + 74 50 27 SiO,EN100R) 50 60
- 41 36 15 Abbreviations: SiO,™0), negatively charged 20 nm SiO, nanoparticles; SiO,™!%0),
Brain + 178 142 4 negatively charged 100 nm SiO, nanoparticles; SiO,™*®), positively charged 20 nm
homogenate _ 178 145 38 Sio, nan(-)particles; SiO,™N1%®), positively charged 100 nm SiO, nanoparticles; NPs,
nanoparticles.
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Table 3 Ratio of similarity of brain homogenate protein coronas
for different types of SiO, nanoparticles

Types of NPs Total Common Similarity
proteins proteins (%)
Charge
SiO FNo®) 170 98 58
SiO, B0 125 78
SiO, FN10R) 142 97 68
siozleooH 145 67
Size
SiO, FN200) 125 102 82
SiO,mN100e) 145 70
SiO, @ 170 114 67
SiO,EN100R) 142 80

Abbreviations: SiO %), negatively charged 20 nm SiO, nanoparticles; SiO,™'%0),
negatively charged 100 nm SiO, nanoparticles; SiO,™*®, positively charged 20 nm
SiO, nanoparticles; SiO,™'®®), positively charged 100 nm SiO, nanoparticles; NPs,
nanoparticles.

same proteins were bound to SiO,*'*®). Comparing nano-
particles with the same charge as those mentioned above, 20
nm SiO, had less similarity than 100 nm SiO,, which could
be due to the higher number of proteins bound onto 20 nm
SiO, than onto 100 nm SiO,. For the positively charged
nanoparticles, the similarity was 26% to SiO,*® and
60% to SiO,"N'®)_ Fifty-four percent of the same proteins
were bound to SiO,***) and 72% of the same proteins were
bound to SiO N0,

Unlike plasma proteins, proteins from brain homogenate
showed the higher degree of similarity. When they were com-
pared according to size and charge, a similar percentage was
shown between the two groups. Approximately 70% of the
same proteins were bound to both SiO_**® and SiO,"™ "),
and also to SiO,"™'*® and SiO,"™'"). Similar results were
found when they were compared according to charge, ie, 20
nm and 100 nm SiO, had approximately 75% similarity at
positive and negative charges.

Proteins within the criteria were further analyzed using
ClueGO, one of the Cytoscape plugins, which provides
the gene ontology and biological processes of proteins.
Each biological process was represented by their colored
circular dots. In plasma, proteins involved in the acute
inflammatory response and cholesterol transport pathways
were bound mainly onto SiO,"™*) (Figure 1). In brain
homogenate, SiO,"™") bound with proteins involved in
the acetyl-CoA metabolic process, endocytosis, protein
folding, glycolysis, energy-coupled proton transport, pro-
tein polymerization, and regulation of neurotransmitters.
For plasma proteins bound onto SiO,*N'"), the result was
similar to that for SiO,"™°"), where proteins involved in
the acute inflammatory response and cholesterol transport
were found in addition to blood coagulation proteins.

Proteins involved in the acetyl-CoA metabolic process,
endocytosis, and protein folding from brain homogenate
bound to both SiO,"™'* and Si0,*™ "), along with pro-
teins involved in microtubule-based movement, negative
regulation of microtubule depolymerization, and RNA
splicing.

As with SiO "), proteins involved in the acute inflam-
matory response bound to SiO,"® including proteins
from glycolysis, protein polymerization, and the biosynthetic
process for adenosine diphosphate (Figure 2). In brain homo-
genate, SiO,"**® bound with proteins from endocytosis
and protein folding, as in case with SiO,"™*"); moreover,
proteins involved in cell morphogenesis, including those for
differentiation, biosynthesis of adenosine diphosphate, glu-
cose catabolism, regulation of axon diameter, RNA splicing,
amino acid metabolism, and microtubule-based movement,
were also found. The plasma protein results for SiO,"®)
were similar to those for SiO,"™ ' with proteins involved in
blood coagulation and the acute inflammatory response being
found in the protein corona. In SiO,* ™, similar proteins of
brain homogenate from protein folding, RNA splicing, and
negative regulation of microtubule depolymerization were
found in the protein corona, in addition to proteins involved
in the metabolism of cellular polysaccharides, the biosynthetic
process for adenosine diphosphate, protein polymerization,
glucose catabolism, and amino acid metabolism.

Discussion
The protein corona on nanoparticles may play a key role
in their interactions with cells for endocytosis and their
involvements in tissue level, leading to the overall toxicity or
beneficial effects of an organism. Commonly, albumin, lipo-
protein, acute-phase protein, immunoglobulin, complement
components, and coagulation factors in human plasma would
be adsorbed onto nanoparticles. Meanwhile, other proteins
may specifically bind to nanoparticles depending on their
properties, including size, surface charge, and shape.’*!
From analyses of proteomic data by LC-MS/MS, the
numbers of bound proteins in plasma and brain homogenate
were different for each type of SiO, nanoparticle. More pro-
teins bound to positively charged 20 nm SiO, than to 100 nm
nanoparticles. Positively charged SiO, were prepared using
adsorption of arginine, which led to a reduction in the num-
ber of deprotonated silanol groups, probably type (I11), and
a stabilization of protein—protein interactions on the surface
of the nanoparticle. More proteins from brain homogenate
bound to both types of SiO, nanoparticle, irrespective of
particle size or shape.

International Journal of Nanomedicine 2014:9 (Suppl 2)
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Figure | Visualized biological processes associated with binding of proteins from plasma and brain homogenate with SiO, nanoparticles. (A) Plasma and negatively charged
20 nm SiO, nanoparticles, (B) plasma and negatively charged 100 nm SiO, nanoparticles, (C) brain homogenate and negatively charged 20 nm SiO, nanoparticles, and (D)

brain homogenate and negatively charged 100 nm SiO, nanoparticles.
Abbreviation: BH, brain homogenate.

Each nanoparticle was compared for its similarity and
difference between bound proteins from plasma or brain
homogenate. In our previous report, when ZnO nanoparticles
were compared, greater differences were found between the
two different sizes of nanoparticles instead of between charge
differences. Various proteins were adsorbed, depending on the
type of nanoparticle. On the other hand, SiO, did not show any
tendency of similarity and difference among different SiO,
NPs by their sizes and charges. Other published papers also
report differential adsorption onto the surface of nanoparticles,
depending on their size, surface charge, and different cell
media, which would affect the cellular interactions in the next
stage of nanoparticles’ pathways.?>* These discordances could
be resulted in determining different biological activities.

In comparison with results for ZnO and SiO, nano-
particles against plasma, mainly lipoprotein, acute-phase
protein, and proteins involved in the coagulation and
complement pathways bound with both nanoparticles, and
interestingly, albumin or immunoglobulin only bound to
SiO,, not ZnO nanoparticles. Other publications suggest
that proteins present at high concentration would adhere
to the surface of nanoparticles first, followed by exchanges
with higher affinity proteins.*** For instance, albumin
might have a lower affinity for ZnO, whereas it would have
a higher affinity for SiO,. On the other hand, lipoprotein,
acute-phase proteins, and coagulation and complement
factors in plasma seemed to bind strongly with ZnO and
SiO, nanoparticles.
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Figure 2 Visualized biological processes associated with binding of proteins from plasma and brain homogenate with SiO, nanoparticles. (A) Plasma and positively charged
20 mm SiO, nanoparticles, (B) plasma and positively charged 100 mm SiO, nanoparticles, (C) brain homogenate and negatively charged 20 nm SiO, nanoparticles, and (D)

brain homogenate and positively charged 100 mm SiO, nanoparticles.

Abbreviations: BH, brain homogenate; ADP, adenosine diphosphate; RNA, ribonucleic acid.

Apolipoprotein E is another interesting protein found
in the protein corona. Previously, flexible hinge regions of
apolipoproteins were suggested to participate in binding
interactions with ZnO and other nanoparticles, particularly
given that apolipoprotein E could be involved as a media-
tor when nanoparticles cross the blood—brain barrier.*3#
There is some evidence that inhalation or dermal delivery
of SiO, nanoparticles resulted in crossing of the blood-brain
barrier.”** Therefore, if SiO, entered in the blood stream,
binding to apolipoprotein E might play a role in crossing the
blood—brain barrier.

Another interesting protein was fibrinogen from plasma,
which existed in high concentrations of approximately
170 wg/mL. Fibrinogen is involved in many biological

processes in the body from blood coagulation, promotion of
attachment of immune cells, such as macrophages, monocytes,
and neutrophils, to binding with extracellular and foreign
surfaces. SiO, nanoparticles could induce blood coagulation
or an acute inflammatory response via adsorbed fibrinogen.
In a previous study, gold nanoparticles caused unfolding of
fibrinogen and enhanced the interaction between fibrinogen
and the integrin receptor, Mac-1.*' Fibrinogen and comple-
ment proteins were abundantly adsorbed, indicating that inter-
action between fibrinogen/complement proteins and SiO, may
lead to an inflammatory response. For example, complement
proteins bound to carbon nanotubes can induce complement
activation via both classical and alternative pathways.*?> Other
reports suggest that interaction between plasma components
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and nanoparticles can cause hemolysis, aggregation of throm-
bocytes, and activation of complement.*3#

Tubulin was the major protein bound onto the surface
of SiO, nanoparticles in brain homogenate. Protein ontol-
ogy from ClueGO clearly indicates the biological process
of tubulin. A recent report suggests that cytotoxicity and
cell death are initiated by the interactions between tubulin
and fullerene and involve disruption of the cytoskeleton
and accumulation of autophagic vacuoles.* Hence, interac-
tion between nanoparticles and tubulin could also initiate
disruption of the cytoskeleton, leading to accumulation of
autophagic vacuoles.

Disruption of protein folding by SiO, is becoming a
popular research topic, in particular because of its potential
involvement in a number of neurodegenerative diseases, such
as Alzheimer’s disease and Parkinson’s disease. Currently,
there is no indication that nanoparticles can cause protein
fibrillation or neurodegenerative disease, but protein unfolding
would affect the loss in their protein functions due to binding
onto the surface of nanoparticles. In addition, these altered
conformation of proteins might also initiate protein aggrega-
tions in their contributions protein misfolding diseases.*

Conclusion

SiO, nanoparticles bound mainly with albumin, lipoprotein,
and proteins related to coagulation and complement sys-
tem in plasma, and with tubulin in brain homogenate. The
composition of the protein corona may determine the fate
of nanoparticles in vivo. Other proteins could also interact
with nanoparticles via proteins adsorbed at the first layer,
making additional layers of protein corona. On the other
hand, particle—protein interactions could be different upon
endocytosis, affecting the function and conformations of
proteins on the surface of other particles, as well as signal
transduction.
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