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ABSTRACT: Silica-coated nanoparticles are widely used in
biomedical applications such as theranostics, imaging, and drug
delivery. While silica-coated nanoparticles are biocompatible,
experimental evidence shows that they can trigger innate
immune reactions, and a broader understanding of what types
of reactions are caused and how to mitigate them is needed.
Herein, we investigated how the noncovalent surface functionalization of silica nanoparticles with puriﬁed proteins can
inhibit nanoparticle-induced complement activation and macrophage uptake, two of the most clinically relevant innate immune
reactions related to nanomedicines. Silica nanoparticles were
tested alone and after coating with bovine serum albumin, human serum albumin, ﬁbrinogen, complement factor H (FH), or
immunoglobulin G (IgG) proteins. Enzyme-linked immunosorbent assays measuring the generation of various complement
activation products indicated that silica nanoparticles induce complement activation via the alternative pathway. All protein
coatings other than IgG protected against complement activation to varying extents. Most proteins acted as steric blockers to
inhibit complement protein deposition on the nanoparticle surface, while FH coatings were biologically active and inhibited a
key step in the ampliﬁcation loop of complement activation, as conﬁrmed by Western blot analysis. Flow cytometry and
ﬂuorescence microscopy experiments further revealed that complement activation-inhibiting protein coatings blunted
macrophage uptake as well. Taken together, our ﬁndings demonstrate a simple and eﬀective way to coat silica nanoparticles
with puriﬁed protein coatings in order to mitigate innate immune reactions. Such methods are readily scalable and might
constitute a useful strategy for improving the immunological safety proﬁle of silica and silica-coated nanoparticles as well as
other types of inorganic nanoparticles.
KEYWORDS: nanoparticles, silica nanoparticles, silica-coated nanoparticles, complement activation, CARPA, cell uptake,
innate immune response
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against oxidation and corrosion while minimizing cytotoxicity.11−15 For example, quantum dots are often synthesized
with a silica coating over the cadmium telluride (CdTe) or
cadmium selenide (CdSe) nanocrystal core to reduce
cytotoxicity without compromising optical features.15,16
Similarly, a silica coating on magnetite (Fe3O4) and other
magnetic nanoparticles also helps to minimize in situ

ilica nanoparticles and silica-coated nanoparticles
(broadly deﬁned as SiNPs) are widely used in
biomedical applications such as theranostics, imaging,
and drug delivery. They have many useful properties, including
high biocompatibility, chemical stability in aqueous conditions,
and ease of synthesis.1−5 There are also a variety of methods to
tailor the physicochemical properties of SiNPs, including
nanoparticle size, porosity, shape, and surface chemistry.6−8
Moreover, SiNPs have been deemed safe for human
consumption by the U.S. Food and Drug Administration
(FDA) and are incorporated into many consumer products
such as cosmetics and food additives, from which they may be
absorbed into the bloodstream.9,10 Silica coatings are also
important design components of biocompatible core−shell
nanoparticles used intravenously, and the silica shell protects
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Figure 1. Schematic illustration of protein coating strategy and silica nanoparticle (SiNP) characterization. (A) SiNP coating protocol: (i)
SiNPs were dispersed in aqueous buﬀer solution; (ii) they were mixed and incubated with protein solution at 37 °C for 2 h; (iii) they were
centrifuged, and the SiNP pellet was collected, discarding the supernatant; and (iv) the pellet was resuspended in fresh buﬀer solution. Steps
(iii) and (iv) were repeated a total of three times to prepare protein-coated SiNP sample. (B) Bicinchoninic acid (BCA) quantitative assay of
surface-bound bovine serum albumin (BSA) on SiNPs (red) expressed as μg BSA per mg SiNP and the amount of BSA added to the initial
mixture (gray), also expressed as μg BSA per mg SiNP. Data are reported as mean ± standard deviation (n = 3). (C) Intensity-weighted
dynamic light scattering (DLS) characterization of BSA-coated SiNP size distribution (mean diameter) as a function of the BSA:SiNP mass
ratio used in the coating protocol. The data are reported for after protein incubation with SiNPs (red) and after sample washing (black). The
dashed line corresponds to the mean diameter of pristine SiNPs (∼113.4 nm) and is presented for comparison. Data are reported as mean ±
standard deviation (n = 3). Number-weighted nanoparticle tracking analysis (NTA) characterization of (D) pristine SiNPs and (E) BSAcoated SiNPs prepared using a 1:2 BSA:SiNP ratio. Bold line traces represent the average of n = 3 measurements.

macrophage immune cells, and opsonin-bound surfaces can be
phagocytosed by macrophages.28,29 Importantly, complement
activation and related uptake processes can lead to adverse
immune responses such as hypersensitivity reactions known as
complement activation-related pseudoallergy (CARPA), which
is a serious side eﬀect of numerous nanomedicines, biologicals,
and imaging agents that can lead to severe illness or even
death.30−33 Long-term outcomes of aberrant complement
activation can also include chronic inﬂammation, leading to
diseases such as rheumatoid arthritis or vasculitis.
The critical initiation steps of complement activation involve
the binding of complement proteins to foreign nanoparticulate
surfaces, and thus there is interest in developing nanomaterial
surface modiﬁcation strategies that prevent complement
protein adsorption through steric blocking. This stealth
strategy typically involves cloaking nanoparticles with a
bioinert, thin ﬁlm coating such as hydrophilic poly(ethylene
glycol) (PEG) brushes, which have been widely used to
prevent protein adsorption34,35 and work well with SiNPs.36−38

degradation of the core, thereby prolonging usage for magnetic
resonance imaging applications.17−19
At the same time, there is growing attention to SiNP
interactions with immune system components, especially
deleterious eﬀects associated with intravenous administration
such as cytokine storm and reactive oxygen species
production.20−22 The immune response level has also been
shown to depend on the administered SiNP dose and
physicochemical properties of the SiNP surface.23,24 While
there is growing awareness of these issues, there remains
signiﬁcant work ahead, especially in understanding how SiNPs
might trigger complement activation, which is an innate
immune response that occurs in blood in response to foreign
nanoparticulates or microbes.25 Complement activation begins
with opsonic complement proteins binding to the target
surface of foreign nanoparticulates in the bloodstream, and
these binding events lead to a series of protein−protein
interactions that trigger immune defense mechanisms.26,27
Anaphylatoxins that are released as byproducts also attract
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For example, He et al. showed that PEG-coated SiNPs could
eﬀectively reduce nonspeciﬁc binding of human serum albumin
from 18.7% to 2.5% along with decreasing macrophage uptake
eﬃciency in vitro from 8.6% to 0.1%.39 However, there is
mounting evidence that PEG coatings can cause adverse
immune eﬀects due to incomplete blocking of complement
protein adsorption40 and/or due to the presence of pre-existing
anti-PEG antibodies.41 A classic example is the PEG-functionalized Doxil liposomal formulation that has been reported to
be a CARPA activator.40,42,43 In light of these considerations,
there has been active exploration of cloaking nanoparticles with
alternative types of stealth coatings, including cellular
membrane extracts (e.g., erythrocytes) and puriﬁed proteins.44−47 The development of protein-based coatings that
are preadsorbed onto the nanoparticles before exposure to
physiological ﬂuids is particularly useful because the coating
can have multiple functions; these include not only steric
blocking eﬀects but also biological functions depending on
protein conformation(s) in the adsorbed state.48−50 Indeed,
even after a protein corona forms on the outer nanoparticle
surface in physiological ﬂuids, the preadsorbed proteins can
remain partially exposed and retain functional properties, in
some cases.51−54 Thus, it is imperative to understand the risk
potential of SiNPs for triggering complement activation and to
develop preemptive protein coating-based strategies to
mitigate not only complement activation but also related
innate immune responses such as macrophage uptake.
Herein, we demonstrate a simple and eﬀective strategy to
coat SiNPs with noncovalently adsorbed protein coatings in
order to attenuate complement activation and to protect
against macrophage uptake. While most protein-based coatings
involve steric blocking alone, a key aspect of our biofunctionalization strategy is to explore functional proteins that have
been implicated in regulating diﬀerent parts of complement
activation and to devise methods that endow SiNPs with the
immunomodulatory functions of the coated protein. Our study
begins with optimizing the coating protocol to form a tightly
bound layer of adsorbed protein molecules on the SiNP surface
based on quantiﬁcation of adsorbed protein quantity on SiNP
surfaces along with nanoparticle size characterization. The
optimized coating approach is then applied to coat SiNPs with
various classes of proteins, including steric blockers such as
bovine serum albumin (BSA) and human serum albumin
(HSA), complement inhibitors such as ﬁbrinogen (FIB) and
factor H (FH), and immune-stimulating proteins such as
immunoglobulin G (IgG). Notably, HSA, IgG, and FIB are
among the most abundant proteins in human blood plasma,
with each accounting for around 55%, 38%, and 7% of total
plasma proteins, respectively, and their high abundance makes
them suitable options for nanoparticle coating applications.
Enzyme-linked immunosorbent assay (ELISA) and Western
blot experiments enabled us to elucidate the mechanistic
details of how SiNPs induce complement activation and to
identify how protein coatings can mitigate complement
activation. The most pronounced eﬀects occurred with protein
coatings that not only sterically blocked complement proteins
from adsorbing onto SiNP surfaces but also retained suitable
functional properties on the SiNP surface and played active
roles in inhibiting key processes in the complement activation
cascade. Importantly, protein coatings that were eﬀective at
inhibiting complement activation also decreased macrophage
uptake eﬃciency. Taken together, the ﬁndings in this work
demonstrate a broadly versatile approach to improve the
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immunological proﬁle of SiNPs, and the approach can be
extended to a wide range of silica and silica-coated nanoparticles for various applications along with other types of
inorganic nanoparticles.

RESULTS AND DISCUSSION
Protein Coatings on Silica Nanoparticles. We begin by
establishing a versatile strategy to coat protein adlayers on
SiNPs and thereby understand how incorporating various
proteins such as BSA, HSA, FIB, FH, and IgG can modulate
innate immune responses in a controlled manner. Toward this
goal, a well-packed monolayer of noncovalently adsorbed
protein molecules was formed on the SiNP surface through
precise adjustment of ionic strength and temperature during a
solution-phase incubation step in order to enhance protein−
surface interactions and the extent of surface-induced protein
denaturation,55,56 resulting in a simple and eﬀective protein
coating protocol45 (Figure 1A). In brief, SiNPs with a
hydrodynamic diameter of ca. 112 nm were incubated with
an aqueous protein solution for 2 h at 37 °C, followed by
extensive washing to remove weakly adsorbed proteins as well
as residual proteins in solution. Only irreversibly adsorbed
protein molecules on the SiNP surface (akin to the hard
corona that forms in biological systems) that remained bound
after three washings were quantiﬁed by a bicinchoninic acid
(BCA) protein assay in addition to dynamic light scattering
(DLS) and nanoparticle tracking analysis (NTA) characterization of the nanoparticle size distribution before and after
protein coating.
To optimize the coating protocol, BSA was used as a model
protein and was incubated with SiNPs across a range of mass
ratios from 1:16 to 2:1 BSA:SiNP. With increasing BSA
fraction, the amount of surface-bound BSA increased from 50
to 120 μg BSA per mg SiNP (Figure 1B). This range agrees
with past literature on silica-coated magnetic iron oxide
nanoparticles that estimated a saturation value of 85 μg of BSA
per 1 mg of nanoparticles.57 Saturation of adsorbed BSA on the
SiNPs occurred from a 1:4 BSA:SiNP mass ratio, while there
was incomplete surface coverage of adsorbed proteins at lower
mass ratios.58 Intensity-weighted DLS experiments revealed
that BSA-coated SiNPs were more prone to aggregate at low
BSA:SiNP ratios,59 as indicated in Figure 1C. The pristine
SiNPs resuspended in buﬀer solution had a hydrodynamic
diameter of 113 nm, while the aggregated ones reached as large
as ca. 600 and 250 nm before and after washing, respectively.
At 1:2 and higher BSA:SiNP ratios, the colloidal stability of
BSA-coated SiNPs was greatly improved and nanoparticle sizes
became consistent with the expected size of pristine SiNPs
with an additional protein adlayer. The colloidal stability of the
nanoparticle suspensions was veriﬁed by number-weighted
NTA experiments, which is more sensitive to capturing the full
size distribution of protein-coated nanoparticles in suspension.60,61 Both pristine SiNPs and BSA-coated SiNPs prepared
using a 1:2 BSA:SiNP mass ratio had narrow size distributions
with median diameters around 117 and 119 nm, respectively
(Figure 1D,E). Thus, a mass ratio of 1:2 protein:SiNP was
chosen for preparing protein-coated SiNPs based on eﬀective
protein consumption and high colloidal stability. Table S1
presents the characterization data for each type of protein, and
all were able to form stable protein-coated SiNP suspensions
except for IgG, which caused moderate nanoparticle
aggregation, as previously reported.62
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Figure 2. Evaluation of total complement activation triggered by pristine and protein-coated silica nanoparticles (SiNPs). (A) Schematic
illustration of complement activation cascade on nanoparticle surface triggered by the alternative pathway (AP) (blue) or the classical
pathway (CP) (red). The basic steps include the following: (1) Proteolytic activity of C3 convertase cleaves and activates complement C3
protein into C3b while releasing an anaphylatoxin, C3a; (2) activated C3b adsorbs onto (“opsonizes”) the nanoparticle surface and binds
with factor B to form the C3 convertase (C3bBb), which completes the ampliﬁcation loop; (3) alternatively, C3b can bind to another C3
convertase (C3bBb or C4b2a) to form the C5 convertase (C3bBb3b or C4b2a3b); (4) C5 is cleaved by the C5 convertase to generate a
secondary anaphylatoxin, C5a, and an active C5b fragment; (5) terminal complement pathway is initiated by the C5b fragment to assemble
the membrane attack complex (MAC) that also includes complement C6, C7, C8, and multiple C9 proteins; and (6) the assembly of MAC
(also known as sC5b-9 in soluble form) on cellular membranes can cause pore formation and membrane lysis. Enzyme-linked
immunosorbent assay (ELISA) results show (B) C3a concentrations and (C) sC5b-9 concentrations produced due to incubation in normal
human serum (NHS) with pristine SiNPs (blue) or protein-coated SiNPs (red). The positive control (gray) is established with heatdenatured IgG (denoted by +++ symbols). The reported concentrations are normalized to baseline levels in NHS without SiNPs, as
indicated by the dashed line in each graph. Data are reported as mean ± standard deviation (n = 9). Statistical signiﬁcance was analyzed by
one-way ANOVA with Tukey’s test and indicated by n.s. (p ≥ 0.05), * (p < 0.05), ** (p < 0.005), or *** (p < 0.0005).

Modulation of Silica Nanoparticle-Triggered Complement Activation. Complement activation is an innate
immune response that can be triggered by one or more of
three activation pathways: the classical pathway (CP), the
lectin pathway (LP), and the alternative pathway (AP). The
CP is initiated upon recognizing immunoglobulin isotopes,
while the LP is triggered by the binding of mannan-binding
lectin (MBL) onto glycoproteins or other carbohydrate
molecules often present on microbial surfaces.63,64 On the
other hand, the AP starts from the spontaneous conversion of
the complement C3 protein into a hydrolyzed C3(H2O) form,
which initiates the cascade of complement protein−protein
interactions. Each pathway involves the sequential assembly of
the C3 convertase and C5 convertase, which subsequently
triggers the terminal release of a potent toxin called C5b-9 (or
sC5b-9 in its soluble form), which is also known as the
membrane attack complex (MAC) (Figure 2A). Thus,
measuring the byproducts of C3 convertase and C5 convertase
activity relative to baseline levels in normal human serum
(NHS) provides insight into the degree of total complement
activation across all three pathways.65
In our experiments, we measured the degree of complement
activation caused by SiNPs and the extent to which protein
coatings could protect against complement activation. Pristine
and protein-coated SiNPs were incubated with NHS, and then

ELISA experiments were conducted to measure C3a and sC5b9 generation as indicators of C3 and C5 convertase activity,
respectively. Figure 2B presents the measured levels of C3a
marker, and pristine SiNPs triggered a 2.7-fold increase from
NHS baseline levels. All protein-precoated SiNPs, except for
IgG-coated SiNPs, tended to decrease C3a levels but without
statistical signiﬁcance. On the other hand, IgG-coated SiNPs
induced comparable or slightly higher levels of C3a as
compared to the pristine nanoparticles. More signiﬁcant eﬀects
were observed in the sC5b-9 assay, as shown in Figure 2C.
Pristine SiNPs caused a 3.2-fold increase compared to baseline
levels in NHS without SiNPs. Meanwhile, BSA, HSA, and FIB
coatings decreased SiNP-induced complement activation by ca.
25 to 40% reductions, likely by virtue of steric blocking eﬀects.
On the other hand, FH coatings had a more signiﬁcant eﬀect,
with over 50% protection against complement activation,
which suggests that adsorbed FH may retain functional
activity, speciﬁcally its ability to inactivate C3b and thus
inhibit C3 and C5 convertases.66
Evaluation of Complement Activation Pathways. To
gain mechanistic insight into how diﬀerent protein coatings
modulate SiNP-triggered complement activation levels, we
performed additional ELISA experiments under conditions in
which only CP/LP or AP pathways were active. We ﬁrst
studied the AP pathway by adding 10 mM Mg-EGTA to NHS
11953
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Figure 3. Decoupling silica nanoparticle (SiNP)-triggered complement activation eﬀects across alternative and classical pathways.
Alternative pathway (AP)-related enzyme-linked immunosorbent assay (ELISA) results for the following markers: (A) sC5b-9
concentrations in ethylene glycol-bis(2-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA)-treated serum and (B) Bb production in
normal human serum (NHS) after incubation with pristine SiNPs (blue) or protein-coated SiNPs (red). Classical pathway (CP)-related
ELISA results for the following markers: (C) sC5b-9 concentrations in Factor B-depleted serum and (D) C4a production in NHS after
incubation with pristine SiNPs (blue) or protein-coated SiNPs (red). The reported concentrations are normalized to baseline levels in NHS
without SiNPs, as indicated by the dashed line in each graph. Data are reported as mean ± standard deviation (n = 9). Statistical signiﬁcance
was analyzed by one-way ANOVA with Tukey’s test and indicated by n.s. (p ≥ 0.05), * (p < 0.05), ** (p < 0.005), or *** (p < 0.0005). For
the sC5b-9 data sets in panels (A) and (C), the corresponding data in NHS (cf. Figure 2) are superimposed in the background for
comparison. In panels (B) and (D), the positive control (gray) is established with heat-denatured IgG (denoted by +++ symbols).

levels (Figure 3D).68 The only exception was IgG-coated
SiNPs, which caused an increase in C4a level, which is
consistent with the role of IgG as a known trigger of the
classical pathway. Taken together, these data are all consistent
with SiNPs inducing complement activation primarily along
the AP pathway and modulatory activities of protein coatings
being related to steric blocking and/or interactions with APrelated protein components.
Unraveling Functional Properties of Protein Coatings. The protective eﬀects of protein coatings against SiNPinduced complement activation led us to investigate whether
the protein coatings passively inhibit complement activation
through steric blocking or play more active roles in blunting
speciﬁc steps in complement activation. For example, FH is
known to play an important role in the AP pathway, where it
can inactivate C3b protein, while FIB can inhibit the CP
pathway.69 In contrast, serum albumins such as BSA and HSA
are used as dysopsonins to prevent plasma adsorption by steric
blocking eﬀects.49 Within this scope, it is important to point
out that soluble proteins and adsorbed proteins typically
exhibit diﬀerent conformations70 and, thus, potentially altered
molecular functions, which led us to investigate whether SiNPbound FH could still inactivate C3b (as soluble FH does)
along with testing other selected proteins for comparison. Our
experimental design was premised on the important role that

(EGTA = ethylene glycolbis(2-aminoethyl ether)-N,N,N′,N′tetraacetic acid), which inhibited C1q assembly, a prerequisite
for CP initiation,67 and then measured sC5b-9 generation
(Figure 3A). Pristine SiNPs triggered a 2.1-fold increase of
sC5b-9 compared to baseline levels of untreated NHS, and
BSA, HSA, FIB, and FH coatings all suppressed sC5b-9
generation below this baseline level. Matching earlier trends,
the detected concentration of sC5b-9 increased in response to
the IgG coating. In a separate experiment, we measured the
level of complement factor Bb generated in SiNP-spiked NHS
(Figure 3B). Once again, similar trends were observed whereby
pristine SiNPs increased Bb production compared to the
baseline levels in NHS, BSA and HSA coatings tended to
decrease Bb production levels, FIB and FH coatings
signiﬁcantly decreased Bb production levels, and IgG coatings
increased Bb production.
We also studied the CP pathway by using Factor B-depleted
serum in which the AP pathway is inactive. Strikingly, pristine
SiNPs did not induce complement activation along the
classical pathway and the protein coatings also had negligible
eﬀects compared to baseline levels (Figure 3C). In addition,
we measured generation of complement C4a protein in NHS,
which is another byproduct related to the classical pathway,
and generally observed negligible eﬀects of pristine and
protein-coated SiNPs on this marker compared to baseline
11954
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Figure 4. Western blot analysis of C3b cleavage by protein-coated silica nanoparticles (SiNPs). (A) Factor H interacts with C3b protein, and
this interaction is necessary for factor I to cleave C3b into iC3b, which can then break down to release C3c (dark yellow) while leaving C3dg
surface-bound (red). (B) Step-by-step cleavage of C3b protein into iC3b protein, followed by breakdown into C3c, C3dg, and C3f products.
A simpliﬁed model of the multidomain C3b structure is depicted with disulﬁde bridges and the cleavage sites indicated by the arrows. The
multidomain C3b protein has α- and β-chains; however, it is fully reduced in the electrophoretic gel environment such that the α- and βchains are separate. Pristine and protein-coated SiNPs along with various controls were incubated with normal human serum (NHS) in the
presence or absence of puriﬁed factor I, and C3b cleavage was evaluated by Western blot analysis. The blot results are shown for (C) C3b
and (D) iC3b antibody stains.
11955
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Figure 5. Flow cytometry analysis and confocal microscopy imaging of protein-coated silica nanoparticle (SiNP) uptake by macrophage cells.
(A) Flow cytometry (FCM) results of cell uptake eﬃciency calculated by the percentage of individual cells emitting a threshold FITC signal
relative to the total number of cells. Data are reported as mean ± standard deviation (n = 5). Statistical signiﬁcance was analyzed by one-way
ANOVA with Tukey’s test. and indicated by n.s. (p ≥ 0.05), * (p < 0.05), ** (p < 0.005), or *** (p < 0.0005). (B) Confocal laser scanning
microscopy images of RAW264.7 cells with 4′,6-diamidino-2-phenylindole (DAPI)-stained cell nuclei (blue) and CellMask Orange-stained
cellular membranes (red) after treatment with ﬂuorescein isothiocyanate (FITC)-labeled pristine and protein-coated SiNPs (green). Scale
bars: 10 μm. Histogram overlay plots of ﬂow cytometry (FCM) analysis show the distribution of FITC intensity values (C) before and (D)
after ﬂuorescent quenching with Trypan blue (TB). (E) Median ﬂuorescence intensity of FITC after treating each batch of cells (10 000 cells
per sample) with TB. Data are reported as mean ± standard deviation (n = 5). Statistical signiﬁcance was analyzed by one-way ANOVA with
Tukey’s test and indicated by n.s. (p ≥ 0.05), * (p < 0.05), ** (p < 0.005), or *** (p < 0.0005).

the AP plays in SiNP-induced complement activation, the high
inhibitory eﬀects of FH coatings observed in our SiNP
experiments, insights from other case studies of functional
protein precoatings,53 and the potential implications of
molecular conformation to maintain the functional activity of
FH.71
Biologically, factor I (FI) is the protease that cleaves C3b
into iC3b, but FI is only active when FH is present as the
cofactor. Thus, iC3b along with other byproducts (C3c/C3dg)
can be detected if FI and FH are present and functional
(Figure 4A). When the C3b protein is cleaved, the ∼110 kDa
α-chain of C3b is cleaved into two α-subchains that are linked
by a disulﬁde bond, and they weigh ∼43 and ∼63 kDa,
respectively. In addition, the larger 63 kDa α-subchain can be
cleaved into a ∼37 kDa subfragment, which is C3dg that
remains anchored to the surface while releasing the rest of the
subfragment along with a secondary α-subchain that is linked
through the disulﬁde bond and is altogether known as C3c
(Figure 4B).
Experimentally, we performed a cofactor assay to determine
if diﬀerent protein coatings on SiNPs could interact with and
trigger the cleavage of puriﬁed, solution-phase C3b protein, as
determined by Western blot analysis. Brieﬂy, BSA-coated, FIBcoated, and FH-coated SiNPs were incubated with C3b, either
with or without factor I, and we measured whether the proteincoated SiNPs could inactivate C3b protein. Figure 4C presents

the Western blot data obtained with C3b antibody staining.
Pristine SiNPs along with BSA- and FIB-coated SiNPs did not
cleave C3b, as indicated by a single band belonging to the
∼110 kDa α-chain of C3b. On the other hand, FH-coated
SiNPs and soluble FH by itself both cleaved C3b, resulting in
iC3b formation. As a result, there was only one band present
around ∼43 kDa, which is the band observed for puriﬁed iC3b
alone and consistent with the cleaved ∼43 kDa α-subchain of
C3b. These ﬁndings were conﬁrmed by additional Western
blot experiments with iC3b antibody staining, which showed
that only FH-coated SiNPs and soluble FH are functionally
active (Figure 4D). Speciﬁcally, the observed bands were
located at ∼63 and ∼37 kDa and correspond to the other
cleaved α-subchain of C3b along with a subfragment thereof,
respectively. These data conﬁrm that FH-coated SiNPs are
functionally active to inhibit an important step in the
alternative pathway of complement activation, while BSAand FIB-coated SiNPs did not inhibit this step.
Eﬀects on Macrophage Uptake. The immediate biological response to nanoparticles in vivo is the rapid
accumulation of proteins, including complement proteins and
other immune-activating opsonins, on the nanoparticle surface
that adhere as a result of the nanoparticles’ high surface
energies and form the coronas. Surface receptors of macrophages such as Toll-like receptors, mannose receptors,
scavenger receptors, and Fc receptors interact with the protein
11956
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preparations (Figure 5E). The results indicate that FH coatings
also inhibited cell uptake, although FH-coated SiNPs can
adhere to macrophage cell surfaces. In contrast, there were still
high FITC signals for IgG-coated SiNPs even after TB
treatment, indicating that IgG-coated SiNPs were mainly
phagocytosed. There was again low uptake of FIB-coated
SiNPs; notably, the FIB-coated SiNPs were more prone to
aggregation than other protein-coated SiNPs as discussed
above albeit still within the size range of particles amenable to
phagocytosis (<6 μm; see ref 72). Overall, the cell uptake
results demonstrate the importance of the protein coatings
themselves as functional elements in the nanoparticle design
that can modulate both complement activation and macrograph uptake.

corona and facilitate nanoparticle uptake by either phagocytosis or endocytosis.72 In particular, complement proteins and
IgG accelerate macrophage uptake by phagocytosis, as
mediated by complement receptors and Fc receptors,
respectively.73 On the other hand, pristine SiNPs in serumfree media are also internalized by macrophages in a process
that is driven by the intrinsic surface energies of the
nanoparticles and through receptor-mediated mechanisms.74
In such cases, the uptake of pristine SiNPs has been reported
to cause cellular toxicity in a dose-dependent manner.24 Hence,
protein precoatings on the SiNP surface can potentially
mitigate both cellular toxicity as well as complement activation
via steric blocking and/or active complement regulation,
including preventing or at least diminishing macrophage
uptake.
Accordingly, we incubated pristine and protein-coated
SiNPs with RAW 264.7 murine macrophages and measured
cell uptake levels (Table S2). For these experiments,
ﬂuorescein isothiocyanate (FITC)-labeled SiNPs were used
for imaging purposes. After incubation, cells were sorted by
ﬂow cytometry (FCM) and revealed that ca. 60% of
macrophages emitted a FITC ﬂuorescence signal indicative
of SiNP uptake when treated with pristine SiNPs, while
comparable results were observed with BSA- and IgG-coated
SiNPs (Figures 5A and S1). There was a tendency toward
lower uptake of HSA- and FH-coated SiNPs, but without
statistical signiﬁcance, while less than 10% of macrophages
exhibited uptake of FIB-coated SiNPs. Confocal laser scanning
microscopy (CLSM) imaging experiments were also performed to visualize SiNP uptake (Figures 5B and S2). Pristine
SiNPs mainly accumulated on the cell surface along with BSA-,
HSA-, and FH-coated SiNPs, whereas a smaller fraction of
SiNPs was internalized within the cells. On the other hand,
negligible uptake was observed for FIB-coated SiNPs. There
was also pronounced cell uptake of IgG-SiNPs, including
extensive internalization due to phagocytosis. Similar observations have been reported in the case of γ-globulin coatings75
and demonstrate that functional protein coatings can modulate
not only complement activation but also macrophage uptake.
Histogram of FITC signal intensity values analyzed by FCM
further revealed the distribution of attached SiNPs per cell,
accounting for both cell surface-adsorbed SiNPs and
phagocytosed SiNPs (Figure 5C). The measured trends
indicated relatively high uptake levels for IgG- and FH-coated
SiNPs, while BSA- and HSA-coated SiNPs tended to have
modestly lower levels than pristine SiNPs, and FIB-coated
SiNPs had negligible uptake. To distinguish the intracellular
localization of FITC-SiNPs from those that adhere to the
extracellular cell membrane, we treated cellular samples with
Trypan blue (TB) in order to quench the ﬂuorescence of cell
surface-adsorbed SiNPs so that any detected FITC signal
belonged only to phagocytosed SiNPs (Figures 5D, S3, and
S4). In this case, a new subpopulation emerged from the
histograms of BSA-, HSA-, and FH-coated SiNPs in a
ﬂuorescent intensity range that was equivalent to the
background noise and indicated that a large fraction of cells
was unable to internalize surface-adsorbed SiNPs.74 The
staggered macrophage response suggests that the protein
coatings impede pattern recognition by cell surface receptors.72
Meanwhile, the FITC signal intensity for all cellular samples
decreased nearly 10-fold, on average. The median intensity of
each cellular sample after TB treatment was compared to
summarize the phagocytosis proﬁle of the diﬀerent SiNP

CONCLUSIONS AND PROSPECTS
In this work, we have demonstrated that noncovalently
adsorbed protein coatings on SiNPs can mitigate complement
activation as well as decrease the extent of macrophage uptake.
While some steric-blocking proteins performed well to
facilitate dysopsonization of complement proteins (i.e., BSA,
HSA, and FIB), the incorporation of immune-regulating
proteins such as FH resulted in more optimal performance
on account of steric blocking eﬀects and active complement
inhibition. Furthermore, the protein coatings were able to
eﬀectively cloak the pristine nanoparticle surface in order to
avoid recognition by macrophage surface receptors and to
prevent phagocytosis. On the contrary, IgG-coated SiNPs
stimulated the macrophage response, causing acceleration of
nanoparticle internalization due to IgG interactions with
macrophage Fc receptors. This ﬁnding establishes that simple
and eﬀective coating strategies can be devised not only to form
protein adlayers on SiNP surfaces but also to endow proteincoated nanoparticles with important biological functions as
demonstrated by both FH- and IgG-coated SiNPs. In an in vivo
setting, we anticipate that a protein precoating on the
nanoparticle surface may play a critical role in dictating the
organization of the biomolecular corona, whereby the
engineered protein precoating would replace the biological
hard corona. Consequently, the protein precoating would
inﬂuence the assembly of additional plasma protein layers
constituting the soft corona and thus enable control over
cellular interactions and related immune responses.50,54,76 In
addition, past studies have shown that it is possible to preserve
the biological functions of proteins in the precoated adlayer on
nanoparticle surfaces even after subsequent formation of the
soft corona.50,53,71 While the nanoparticle design in our study
was simple and consisted of bulk SiNPs, the design principles
and methods employed are broadly extendable to various
classes of SiNPs, including silica-coated nanoparticles.77−79
Indeed, there are many types of silica-coated nanoparticles that
are routinely used in intravenous administration settings,80−82
and establishing eﬀective strategies to mitigate potential
immunotoxicities such as CARPA eﬀects is paramount.
Together, our ﬁndings show that SiNPs can induce complement activation along the alternative pathway and protein
coatings can mitigate SiNP-triggered complement activation
and related adverse eﬀects such as macrophage uptake.
Looking forward, the protein coating strategy developed in
this work and mechanistic insights into SiNP-triggered
complement activation and mitigation thereof will be
important for developing next-generation SiNPs for numerous
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protein concentration was determined by calculating the diﬀerence
of the supernatant and background measurements from the pellet
sample measurement. The ﬁnal values are reported as protein mass
per mg SiNP.
Complement Activation Assays. The concentrations of complement proteins produced due to complement activation were
quantiﬁed by ELISA using the MicroVue SC5b-9 Plus EIA (A020),
MicroVue C3a Plus EIA (A031), MicroVue Bb Plus EIA (A027), and
MicroVue C4a EIA (A035) kits supplied by Quidel (San Diego, CA,
USA). Prior to measurements, protein-coated SiNP solutions were
centrifuged and the supernatants were discarded. The remaining
pellets were resuspended and incubated with fresh human serum at a
1:4 volumetric ratio at 37 °C for 30 min and then transferred to an ice
bath followed by the addition of EDTA-containing buﬀer to each vial
to cease further complement activation. Heat-treated IgG (prepared at
70 °C for 30 min) was used as the positive control, and normal
human serum without SiNPs served as the negative control. All
samples were measured in triplicate in three independent experiments
for a total of 9 experiments per sample (n = 9) and were handled in
accordance with the manufacturer’s instructions, and the results were
reported as the mean and standard deviation.
SDS-PAGE and Western Blot Analysis. A 500 μL aliquot of
protein-coated SiNPs was mixed with 500 μL of puriﬁed C3b (0.05
mg/mL) in the presence or absence of 50 μL of puriﬁed factor I (0.05
mg/mL). The mixture was incubated at 37 °C for 30 min and then
centrifuged at 16000g for 30 min; the supernatant of each sample was
collected for analysis. The samples were mixed with a 4× loading
buﬀer (4× Laemmli sample buﬀer containing 10% β-ME (2mercaptoethanol)), boiled for 5 min, and then centrifuged for 1
min at 16000g. Then, 10 μL of each sample along with a protein
standard marker (Precision Plus Kaleidoscope Prestained Protein
Standards) was loaded into the wells of an 8% polyacrylamide gel, and
electrophoresis was conducted at 50 V for 15 min, followed by 100 V
for another 1.5 h. The processed gels were trans-blotted onto a
nitrocellulose membrane at 300 mA for 2 h, and the blots were brieﬂy
rinsed with deionized water prior to blocking in TBST (Tris buﬀer,
pH 7.6, with 0.5% Tween-20) containing 3% BSA for 1 h at room
temperature with gentle agitation. The blots were then incubated with
primary antibodies of C3b or iC3b (diluted 1:500 in blocking buﬀer)
at 4 °C overnight, followed by three washing cycles with TBST.
Subsequently, the membranes were incubated with horseradish
peroxide-conjugated secondary antibody (diluted 1:2000 in blocking
buﬀer) for 1 h at room temperature and rinsed four times with TBST.
The HRP labels on the proteins were detected with the addition of an
enhanced chemiluminescent substrate, and the resulting bands were
imaged with an Amersham Imager 600 chemiluminescence imager
(GE Healthcare, Chicago, IL, USA).
Nanoparticle Uptake. RAW 264.7 cells were cultured in
Dulbecco’s modiﬁed Eagle medium (DMEM) containing 4.5 g/L Dglucose, L-glutamine, and 110 mg/L sodium pyruvate (Gibco),
supplemented with 10% FBS (HyClone, GE Healthcare) and 1%
streptomycin/amphotericin B/penicillin (Anti-Anti; Gibco, Thermo
Fisher Scientiﬁc, Waltham, MA, USA), at 37 °C in a 5% CO2
environment. For the uptake experiments, cells were seeded at a
density of 35 000 cells/cm. On the following day, the cells were
incubated in fresh serum-free medium for 2 h, before protein-coated
or bare nanoparticles dispersed in serum-free medium were added at a
concentration of 80 μg/mL. The cells were incubated for 150 min in
normal growth conditions and then washed thoroughly with ice-cold
PBS (Gibco).
Flow Cytometry Analysis. After incubation with the SiNP
samples, the RAW 264.7 cells were detached from the culture vessel
with 2.5% trypsin (Gibco) and kept on ice. To measure the
ﬂuorescence intensity of internally localized nanoparticles, cells were
incubated for 2 min with an equal volume of 0.4% TB solution
(Sigma-Aldrich) and analyzed immediately afterward. Flow cytometry
measurements were performed on a BD LSRFortessa X-20 cytometer
(BD Biosciences, Franklin Lakes, NJ, USA), using a blue laser for
excitation and a 525/50 nm bandpass ﬁlter for emission detection.
Data analysis was performed using the FCS Express 6 software

applications and can be further explored for many types of
inorganic nanoparticles.

MATERIALS AND METHODS
Reagents. Bovine serum albumin (A2153), human serum albumin
(A3782), and human immunoglobulin G (I4506) were purchased
from Sigma-Aldrich (St. Louis, MO, USA), and human ﬁbrinogen
(FIB3) was obtained from Enzyme Research Laboratories (South
Bend, IN, USA). Puriﬁed complement components, including factor
H (A137), factor I (A138), complement C3b (A114), and
complement iC3b (A115), were procured from Complement
Technology (Tyler, TX, USA) along with human blood serum
(NHS), factor B-depleted serum (A335), MgEGTA (B106), and
Zymosan (B400). The primary mouse monoclonal antibodies for C3b
(MA140155) and iC3b (neoantigen) (MA182814) were obtained
from Life Technologies (Singapore), and the secondary goat antimouse IgG-HRP conjugate (170−6516) was procured from Bio-Rad
Laboratories (Singapore). Spherical, 100 nm diameter SiO2 nanoparticles were obtained from NanoComposix (San Diego, CA, USA)
and supplied at a concentration of 10 mg/mL in deionized water.
FITC-labeled silica nanoparticles (100 nm diameter) were obtained
from Nanocs Inc. (Boston, MA, USA) as a 1% suspension in aqueous
solution. The murine macrophage cell line RAW 264.7 was obtained
from ATCC (Old Town Manassas, VA, USA). All other reagents were
purchased from Sigma-Aldrich and were of analytical grade.
Protein Coating. The as-supplied nanoparticles were centrifuged
and resuspended in 10 mM Tris buﬀer solution with 150 mM NaCl at
a nominal concentration of 1 mg/mL SiNPs. The samples were
titrated with 1 M HCl to a ﬁnal pH value of 7.5. Prior to the coating
procedure, the protein solutions were freshly prepared in 10 mM Tris
buﬀer [pH 7.5] with 150 mM NaCl at a nominal concentration of 2
mg/mL and diluted as appropriate in equivalent buﬀer. Then, 500 μL
of SiNPs was incubated with 500 μL of the appropriate protein
solution at 37 °C for 2 h. The samples were centrifuged at 16000g for
30 min, and 900 μL of the supernatant was replaced with fresh Tris
buﬀer. This washing process was repeated twice (three times in total),
and the supernatant after each washing step was analyzed to verify
that there was a negligible amount of free protein in the ﬁnal proteincoated nanoparticle suspension.
Nanoparticle Size Characterization. The hydrodynamic
diameter of pristine and protein-coated SiNPs was evaluated by
DLS and NTA. A NanoBrook 90Plus particle size analyzer
(Brookhaven Instruments, Holtsville, NY, USA) was used to
characterize the intensity-weighted SiNP size distribution. As part of
the coating process, SiNPs were characterized prior to incubation,
immediately after incubation, and after completion of the washing
protocol. All measurements were performed with a 658.0 nm
monochromatic laser, and the mean hydrodynamic diameter is
reported from n = 5 measurements. Size characterization by NTA
experiments was conducted using a NanoSight LM10 instrument
(Malvern Instruments, Malvern, UK) in order to measure the
number-weighted size distribution of SiNPs before and after protein
coating. The NTA measurements (n = 3) were performed using a
laser with 405 nm wavelength, and a built-in sCMOS camera recorded
the nanoparticle-scattered light for a total period of 3 min at a rate of
25 frames per second.
Quantiﬁcation of Protein Coating. The amount of protein
bound to SiNPs was quantiﬁed by a bicinchoninic acid protein assay
from Thermo Fisher Scientiﬁc (Pierce BCA protein assay kit, catalog
no. 23225). After coating the SiNPs, the sample was centrifuged at
16000g for 30 min, and 950 μL of the supernatant (including
unbound protein) was transferred to a separate vial. The remaining 50
μL of solution containing the protein−SiNP pellet and 50 μL of the
supernatant were resuspended with 400 μL of BCA working reagent
and incubated at 37 °C for 2 h. The light absorbance intensity at 562
nm wavelength was measured in triplicate for each sample with a
Tecan Inﬁnite M200 Pro microplate reader (Tecan, Männedorf,
Switzerland), and the protein concentrations were determined
according to the manufacturer’s instructions. The SiNP-bound
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package (DeNovo Software, Pasadena, CA, USA). Single, viable cells
were selected, and the gated events were further analyzed by the
amount of ﬂuorescent signal expressed as the median intensity.
Confocal Microscopy Imaging. After incubation with ﬂuorescently labeled SiNP samples, RAW 264.7 cellular membranes were
stained with CellMask Orange (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer’s protocol. Then, the cells were ﬁxed
with 4% paraformaldehyde solution (Life Technologies, Carlsbad,
CA, USA) at 37 °C for 10 min. For staining of cell nuclei, ﬁxed cells
were incubated with Hoechst 33342 (Invitrogen), following the
manufacturer’s protocol. Images were taken with an LSM 710
microscope (Carl Zeiss, Oberkochen, Germany), using an EC PlanNeoﬂuar 100×/1.3 oil M27 objective. Fluorescent nanoparticles were
excited with a 488 nm argon laser, and emission was detected in the
wavelength range of 493 to 556 nm. The ﬂuorescence of cell
membranes was excited with a 561 nm DPSS laser, and emission was
detected in the wavelength range of 566 to 681 nm. The ﬂuorescence
of cell nuclei was excited with a 405 nm diode laser and detected in
the wavelength range of 410 to 483 nm.
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