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ABSTRACT: Potential toxicity and risk of inducing allergy and
inflammation have always been a great concern of using
nanomaterials in biomedicine. In this work, we investigate the
serum behaviors of graphene oxide (GO) and how such
behaviors are affected by its surface modification such as
PEGylation. The results show that, when incubated with
human sera, unfunctionalized GO adsorbs a significant amount
of serum proteins and strongly induces complement C3 cleavage
(part of the complement activation cascade), generating C3a/
C3a(des-Arg), an anaphylatoxin involved in local inflammatory
responses, whereas PEGylated nano-GO (nGO-PEG) exhibits dramatic reductions in both protein binding in general and
complement C3 activation. Moreover, we uncover that PEGylation on GO nanosheets apparently generates an interesting
nanointerface, evidenced by the acquired certain selectivity and increased binding capacities of nGO-PEG toward a few serum
proteins. Further mass spectrometry analysis identifies six nGO-PEG binding proteins, four of which are immune-related factors,
including C3a/C3a(des-Arg). A series of Western blot analysis demonstrate that nGO-PEG binds up to 2-fold amount of C3a/
C3a(des-Arg) than unfunctionalized GO, and can efficiently decrease the level of C3a/C3a(des-Arg) in treated sera, preventing
the normal interaction of C3a with its receptor. In a proof-of-concept experiment, we demonstrate that nGO-PEG may serve to
help eliminate the C3a/C3a(des-Arg) induced by other nanomaterials such as as-made GO, indicating a new strategy to
modulate the immune responses evoked by one nanomaterial through the addition of another type of nanomaterial. Our results
highlight the great importance of nanobio interface in regulating the biological effects of nanomaterials.
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1. INTRODUCTION

In nanomedicine, a majority of imaging nanoprobes or
therapeutic nanoparticles are usually intravenously adminis-
trated directly into the circulating blood. The interactions
between serum proteins and foreign nanomaterials, as well as
the possible immune responses and complement activations,
are thus fundamental issues in the development of nano-
medicine.1−6 Previous studies have uncovered that certain
nanomaterials bound with proteins could result in protein
aggregation,7,8 protein disfunction,9 blood coagulation,3 and the
exposure of normally embedded epitopes to the local
environment.10 Whether and how the immune system
recognizes and reacts to the administrated nanomaterials is
also regarded as a major problem that regulates both safety and
functions of nanotheranostics.11−13

The complement system is a phylogenetically ancient part of
the innate immune system, consisting of a group of small
proteins found in the blood which can mediate opsonization of
bacteria, activation of inflammation, as well as clearance of
immune complexes.14 Complement activation occurs through
three different pathways: the classical, lectin and alternative
pathways, all of which lead to C3 cleavage into two activation
products, C3a and C3b. The larger fragment, C3b, triggers a

cascade of further cleavage and activation events leading to the
formation of the cell-killing membrane attack complex
(MAC),15 whereas the smaller one, C3a, functions as an
anaphylatoxin to mediates chemotaxis, local inflammatory
responses, and smooth muscle contraction, as well as enhances
vascular permeability. C3a is then quickly processed to lose its
C-terminal arginine, generating acylation stimulating protein
(ASP, also referred to as C3a(des-Arg)),16 an adipogenic
cytokine involved in the pathogenesis of obesity. Increased
levels of ASP have been reported in patients with obesity,
diabetes, and cardiovascular diseases.17 Because of the high
proinflammatory potential of C3a and its relationship to a
number of diseases,18−21 it is particularly important to study
complement C3 cleavage and any variations in blood C3a level
when encountered with nanomaterials.
Graphene and its derivatives such as graphene oxide (GO),

are two-dimensional (2D) sp2 carbon nanomaterials and have
attracted tremendous attention due to their intriguing physical,
chemical and mechanical properties.22−25 In recent years, the
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biomedical applications of graphene derivatives have also been
widely explored by a large number of groups.26−37 Various
graphene-based diagnostic platforms have been fabricated for in
vitro or ex vivo detection of biomolecules with great
sensitivity.38 With ultrahigh surface area, functionalized
derivatives are able to serve as novel nanocarriers for loading
and intracellular delivery of both small drug molecules and
biomarcomolecules such as DNA and small interfering
RNA.39−50 With strong absorbance in the near-infrared region,
GO or reduced GO (rGO) after coating with biocompatible
polymers such as polyethylene glycol (PEG) can be utilized as
cancer therapeutic agents for in vivo photothermal ablation of
tumors in animal experiments with high efficacy.43,51−56

Imaging guided cancer therapy using GO-based nanocomposite
as theranostic probes has also been demonstrated in our latest
work.42 Graphene-based nanomedicine appears to be promising
and may bring novel opportunities for future disease diagnosis
and treatment.
Potential toxicity has always been a great concern of using

nanomaterials in biomedicine. Although a number of previous
reports have shown that, different from pristine graphene or as-
made GO which exhibit noticeable in vitro and in vivo
toxicity,29,57,58 appropriately functionalized GO does not
possess obvious toxicity to animals, and its in vivo behaviors
are closely relevant to its surface chemistry and size,59−64 how
GO and functionalized nano-GO (e.g., nGO-PEG) interact
with the immune system, particularly proinflammatory factors,
is a crucial question in the future exploration of GO-based
materials in nanomedicine, and still remains to be addressed. In
this work, we start to look into the above question by
investigating and comparing the interactions of serum proteins
with GO and nGO-PEG, the latter of which has ultrasmall sizes
and is functionalized by a 10 kDa amine-terminated six-arm-
branched PEG polymer (10k-6br-PEG-NH2).

65 Interestingly,
unlike GO, which adsorbs a significant amount of serum
proteins in a nonspecific manner, nGO-PEG not only exhibits
reduced protein binding in general but also certain selectivity
and increased affinities toward a few proteins. Six nGO-PEG
binding proteins are identified, and four of them are immune-
related factors, including C3a/C3a(des-Arg). Further compar-
ison of the sera treated with GO and nGO-PEG show that
nGO-PEG is able to induce certain level of complement C3
cleavage, but to a much less extent than GO does. More
importantly, nGO-PEG possesses up to 2-fold binding capacity
toward C3a/C3a(des-Arg) than GO does, resulting in
dramatically decreased level of C3a/C3a(des-Arg) in treated
sera. Remarkably, this unique property of nGO-PEG enables it
to effectively modulate C3a/C3a(des-Arg) content when
complement C3 is activated by foreign objects such as
unfunctionalized GO. This novel phenomenon suggests the
potential use of nGO-PEG to attenuate the consequences of
complement C3 activation induced by other nanomaterials for
better biocompatibility.

2. EXPERIMENTAL SECTION
2.1. Preparation and Characterization of GO and nGO-PEG.

GO and nGO-PEG were prepared as previously described.52,65 Briefly,
GO was synthesized from graphite following a modified Hummers
method. nGO-PEG was prepared by conjugating 10k-6br-PEG-NH2
(Sunbio Inc., South Korea) to as made GO via amide formation. The
reaction was then filtered through Amicon Ultra Centrifugal Filters
with molecular weight cutoff (MWCO) of 100 kDa (Millipore,
Carrigtwohill, co. cork, Ireland) and repeatedly washed using ultrapure
water to remove excess PEG polymer.

The concentration of nGO-PEG was calculated using its absorbance
at 230 nm (mass extinction coefficient of 65 mg/mL/cm).44 Both as
made GO and nGO-PEG were characterized by FT-IR using Hyperion
series spectrometer (Bruker), AFM analysis using a MutiMode V AFM
(Veeco), and DLS on a Zen3690 (Malvern) at the scattering angle θ =
17°.

2.2. Preparation of Human Serum. Human serum samples were
prepared from twenty healthy male volunteers (aged 23−45 years)
according to approved local protocols. Blood drawn from each
individual was allowed to clot at room temperature, and serum was
extracted, pooled, and stored in aliquots at −80 °C. Immediately
before use, serum samples were thawed on ice.

2.3. Serum Protein Adsorption on Unfunctionalized GO. 0.4
mg/mL GO was incubated with undiluted sera (sample:sera = 1:1 v/v)
at 37 °C for 1 h. GO and bound proteins were precipitated by
centrifugation at 21 000 g for 30 min at 4 °C. Pellets were carefully
washed four times with ice-cold washing buffer (phosphate buffer (1 ×
PBS), pH 7.5, 800 mM KCl, 0.01% TWEEN 20), and resuspended in
1× Laemmli loading buffer.66

2.4. Biotin-streptavidin Pull-down Assay. One mg/mL PEG
polymer and 0.4 mg/mL nGO-PEG were biotinylated at the terminal
amines by addition of 0.5 mM NHS-biotin (Sigma-aldrich, St. Louis,
MO, USA), and stirred at room temperature overnight. Excess NHS-
biotin was removed by filtration through Amicon Ultra Centrifugal
Filters (MWCO 100 kDa) and washed over eight times using 1 × PBS
(pH 7.5). The concentration of biotinylated nGO-PEG was calculated
using its absorbance at 230 nm with the same mass extinction
coefficient.

Biotin-streptavidin pull-down assay were carried out by incubating
different samples (0.05 mg/mL biotinylated nGO-PEG, 0.05 mg/mL
nGO-PEG, 0.25 mg/mL biotinylated PEG or saline as control) with
undiluted sera (sample:sera = 1:1 v/v) at 37 °C for 1 h, chilled on ice
for 20 min, and then mixed with 50 μL streptavidin agarose beads
(Pierce/Thermo Scientific, Rockford, USA). Following incubation at 4
°C for 1 h, beads and bound proteins were precipitated by brief
centrifugation, washed three times with 750 μL of ice-cold washing
buffer, and resuspended in 50 μL 2 × Laemmli loading buffer. Protein
samples were separated on 12% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and analyzed by silver staining,
Coomassie Blue staining for further mass spectrometry identification,
or Western blot using a mouse monoclonal antibody raised against
human C3a/C3a(des-Arg) (Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA).

2.5. Mass Spectrometry Protein Identification. Individual
protein bands were excised and subjected to in-gel trypsin digestion.
Peptide mixtures were analyzed by LC-MS/MS using a high
performance liquid chromatography system (Michrom BioResources
Inc.) coupled to a Finnigan LTQ ion trap mass spectrometer (Thermo
Fisher Scientific, Waltham, MA) equipped with a nanospray ion
source, in the Instrumental Analysis Center at Shanghai Jiaotong
University. Mass spectral data were used to interrogate the Swiss-Prot
and NCBInr protein databases for statistically significant protein
matches.

2.6. In vitro Complement C3 Activation Assay. Complement
activation reactions were carried out by mixing different material
samples or saline as indicated in the text with undiluted sera
(sample:sera = 1:4 v/v), followed by incubation at 37 °C for 1 h.
Reactions were then terminated on the ice. Following separation on
12% SDS-PAGE, complement C3 cleavage product C3a/C3a(des-
Arg) was analyzed by Western blot using antihuman C3a/C3a(des-
Arg) antibody. For preparation of the C3a/C3a(des-Arg)-elevated
serum samples, same activation procedure was used except that the
reactions were incubated at 37 °C for 30 min.

2.7. Calcium Flux Assay. U937 cells (human macrophage cell
line, a gift from Dr. Yun Zhao) were cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS). The intracellular
Ca2+ changes were measured using fura-2/AM fluorescence assay
(sigma-Aldrich, St. Louis, MO, USA) as previously described.67 Briefly,
1 × 106 U937 cells were incubated at 37 °C in the dark with 3 μM
fura-2/AM. After 30 min incubation, cells were washed twice,
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resuspended in Hank’s Balanced Salt Solutions (HBSS, 137 mM NaCl,
5 mM KCl, 1.3 mM CaCl2, 0.8 mM MgSO4, 0.6 mM Na2HPO4, 0.4
mM KH2PO4, 3.0 mM NaHCO3, 5.6 mM glucose, pH 7.4), stimulated
with different serum samples or serum pull-down samples as indicated
in the text, and then immediately analyzed using a Varioskan Flash
Microplate Reader (Thermo Fisher Scientific, Waltham, MA). The
free cytosolic Ca2+ concentrations were calculated as previously
described.67

3. RESULTS AND DISCUSSION
3.1. Preparation and Functionalization of GO Nano-

sheets. GO was prepared from graphite following the modified
Hummer’s protocol.40,42 nGO-PEG was synthesized from GO
sheets by covalent conjugation with 10k-6br-PEG-NH2 via
amide formation as previously described,65 and confirmed by
zeta potential shift (from −47.6 mV to −13.5 mV, Figure 1a) as

well as infrared (IR) spectra (see the Supporting Information,
Figure S1). Atomic force microscope (AFM) images showed
that different from GO with large sizes up to a few μm, nGO-
PEG nanosheets were mainly single- or double-layered
ultrasmall sheets with a size range of 10−50 nm (Figure 1b).
As shown in Figure 1c, the majority of GO precipitated out
after centrifugation in normal saline (0.9% NaCl) or human
sera at 21 000 g for 5 min, whereas no noticeable aggregation
was observed in nGO-PEG samples under the same conditions,
demonstrating its greatly improved dispersibility in physio-
logical solutions.
3.2. Alterations in the Capacity and Selectivity of GO

Nanosheets for Serum Proteins upon PEGylation. As a
common functionalization approach, PEGylation is widely used
in nanobiotechnology to increase biocompatibility of nanoma-
terials and decrease nonspecific adsorption of biomolecules on

their surfaces.5,68−71 We first investigated the adsorption of
serum proteins on GO and how PEGylation affects such
interactions. Unfunctionalized GO was incubated with human
sera at 37 °C for 1 h, and then precipitated by centrifugation at
21 000 g. Given the excellent dispersibility in serum without
precipitation even under harsh centrifugation, nGO-PEG was
biotinylated at PEG terminal amines (nGO-PEG-biotin) before
incubation with sera, and then pulled down using streptavidin
agarose beads (Figure 2a) for separation and further analysis.
To ensure specificity, both biotinylated PEG (PEG-biotin) and
nGO-PEG without biotinylation were used as controls in the
biotin-streptavidin pull-down reactions. As expected, after
centrifugation, the color of collected beads turned black only
in the nGO-PEG-biotin containing reaction but not in the
control reaction which contained nGO-PEG without bio-
tinylation (data not shown), suggesting successful and specific
separation of nGO-PEG-biotin using streptavidin agarose beads
in our assay.
After extensive washing (800 mM KCl in PBS) of GO

precipitates and beads-bound nGO-PEG-biotin collected from
sera, tightly bound proteins were eluted and analyzed by SDS-
PAGE (Figure 2b). The majority of serum proteins
coprecipitated with GO, most likely via nonspecific hydro-
phobic adsorptions, whereas PEGylation significantly decreased
the total amount of protein binding (compare lane 1, lane 2,
and lane 4), similar to previous reports.2,5,72,73 Interestingly,
PEGylation altered protein binding selectivity as well. As shown
in Figure 2b, besides several protein bands common to all pull-
down reactions, which were disregarded as nonspecific ones, a
number of protein bands presented only in the nGO-PEG-
biotin lane (compare lane 4 with lane 3, lane 5, and lane 6),
suggesting highly selective protein binding on nGO-PEG.
Among these specific bands, at least four of them (indicated by
arrow heads) appeared in rather increased amounts compared
to those adsorbed on unfunctionalized GO, suggesting
enhanced affinities and/or specificities toward nGO-PEG.

3.3. Selective Binding of Immune Factors to nGO-PEG.
Two of the above protein bands with better separation and
clean background (Figure 2b, indicated by solid arrow heads)
were selected for further identification by mass spectrometry
(LC-MS/MS, see the Supporting Information, Table S1). Six
proteins, including four glycoproteins, were identified (Figure
2b and Table 1). Band No. 1, which migrated at around 9 kDa,
contained platelet factor 4 (PF4),74 vitronectin (10 kDa subunit
V10),75 and C3a/C3a(des-Arg). Noting that C3a and C3a(des-
Arg) are hard to distinguish for C3a(des-Arg) is shorter by only
one arginine at the C-terminus. The band of approximately 34
kDa (Band No. 2) contained clusterin (α chain and β chain),76

thrombin,77 and histidine-rich glycoprotein (HRG, N-terminal
domain).78 Three of the glycoproteins, clusterin, HRG, and
vitronectin, despite their various physiological functions, have
all been implicated in regulating immune responses: clusterin
and vitronectin, in particular, are both regulators of the
complement mediated cytolysis. Therefore, together with C3a,
an important intermediate product of the complement
activation cascade triggering immune responses, four out of
six identified nGO-PEG-binding proteins are related to the
body’s defense system, implicating possible effects of nGO-PEG
on the immune system, especially on complement and other
related processes. The other two identified proteins (PF4 and
thrombin) are two coagulation factors that, during the blood
clotting process, are released from platelet and generated from
its proenzyme, respectively.74,77 Rather abundant amounts of

Figure 1. Characterization of GO and nGO-PEG used in the study.
(a) Zeta potential and (b) AFM images of GO and nGO-PEG. (c)
Photos of GO and nGO-PEG at the same concentration (0.08 mg/
mL) in saline and human sera after centrifugation at 21 000 g for 5
min.
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thrombin were recovered in the second band, as indicated by
the large number of its peptide hits, possibly because of its
“trypsin-like” nature79 and nGO-PEG’s known association with
trypsin in our previous report.65 However, the association of
thrombin and PF4 with nGO-PEG in serum might be a pseudo
effect and is unlikely to reflect the actual events that happen in
blood, since their circulation levels are extremely low, but

increase by more than 3 orders of magnitude during serum
preparation (clotting).74,80,81

The LC-MS/MS data further revealed the high selectivity of
nGO-PEG, because among the many serum proteins or their
subunits that migrate at around 9 kDa or 34 kDa on reducing
SDS-PAGE, only six of them were identified to associate with
nGO-PEG. Furthermore, these identified proteins possess

Figure 2. PEGylation of GO altered its interactions with serum proteins. (a) Biotin-streptavidin pull-down assay. nGO-PEG was biotinylated at PEG
terminal amines before incubation with sera at 37 °C for 1 h, and then pulled down using streptavidin agarose beads followed by extensive washing
(800 mM KCl in PBS). Bound proteins were eluted, separated by 12% SDS-PAGE, and then analyzed by silver staining or LC-MS/MS identification.
(b) Silver staining of serum proteins associated with different GO nanosheets. Lane 1: normal human sera used in the study. Lane 2:
unfunctionalized GO was incubated with human sera at 37 °C for 1 h, and then precipitated by centrifugation at 21,000 g, followed by washing using
800 mM KCl in PBS. Bound proteins were eluted, separated by 12% SDS-PAGE, and silver stained. Lane 3−6: biotin-streptavidin pull-down assay
was performed using biotinylated PEG (PEG-biotin, lane 3), biotinylated nGO-PEG (nGO-PEG-biotin, lane 4), nGO-PEG without biotinylation
(nGO-PEG, lane 5), and saline as control (Beads only, lane 6), respectively. Four protein bands appeared in obviously higher densities in lane 4 than
in lane 2 are marked by arrow heads, among which the two bands labeled by solid arrowhead #1 and #2 were cut out and identified by LC-MS/MS,
and results are listed on the right.
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different isoelectric points (pIs), ranging from 5.46 to 9.69
(Table 1), suggesting that their binding to PEGylated GO
surface is likely through some specific interactions other than
simple nonspecific electrostatic attraction. Take Band No. 1 for
example, the anaphylatoxin family consists of three 9 kDa
homologous proteins (C3a, C4a, and C5a), which are all
generated enzymatically during complement activation, pos-
sessing similar functions and close pIs, yet only C3a was
identified here. The selectivity of nGO-PEG for C3a/C3a(des-
Arg) was further analyzed and confirmed by Western blot using
monoclonal antibody against C3a/C3a(des-Arg). As shown in
Figure 3, compared to unfunctionalized GO that bound both

C3a/C3a(des-Arg) and C3 with no apparent difference, the
same amount of nGO-PEG exhibited almost no detectable
binding to C3, but rather nearly 2-fold binding to C3a/
C3a(des-Arg). Since the peptide sequence of C3a/C3a(des-
Arg) is also present in C3, the selective binding of C3a/
C3a(des-Arg) over C3 by nGO-PEG indicate that the
differences in the overall conformations and secondary
structures of C3 and C3a/C3a(des-Arg) might contribute to
their interactions with nGO-PEG. Taken together, the above
results all demonstrate selective and efficient association of GO
nanosheets with certain immune factors after the PEGylation,
which clearly changes the surface chemistry, resulting in altered
nanobio interface for protein binding.

3.4. Complement C3 Cleavage Induced by GO
Nanosheets. The complement system helps clear foreign
objects (e.g., pathogens) from blood in a process beginning
with its activation by these intruders or relating triggers. Since
the three different complement activation pathways all lead to
enzymatic cleavage of complement factor C3 to C3a and C3b,
our finding that PEGylation can effectively alter the interactions
of C3 and C3a/C3a(des-Arg) with GO and nGO-PEG suggests
that it might affect the C3 cleavage process as well. To
investigate whether GO and nGO-PEG can induce comple-
ment C3 cleavage, and whether PEGylation could affect such a
process, GO, nGO-PEG, coating polymer (PEG), and zymosan
(a glucan known to activate complement,82 as positive control)
were incubated with human sera at 37 °C, respectively, and the
serum level of C3a/C3a(des-Arg) in each reaction, which
represents the degree of C3 splitting, was analyzed by Western
blot (Figure 4). Compared to saline treatment (negative

control), coating polymer PEG alone did not cause activation
of C3 even at high concentrations, consistent with its good
biocompatibility. Treatment with unfunctionalized GO resulted
in the largest increase in C3a/C3a(des-Arg) level among all
reactions, showing its dramatic stimulatory effect on C3
cleavage. In the case of nGO-PEG treatment, although there
was a significant reduction in the level of C3a/C3a(des-Arg)
comparing to GO treatment, nGO-PEG was still able to induce
C3 cleavage to an extent similar to zymosan, demonstrating
moderate improvement of complement compatibility by this
type of PEGylation.

3.5. High Binding Capacity of nGO-PEG toward C3a/
C3a(des-Arg). We have shown that nGO-PEG, when
incubated with human sera at 37 °C, can not only trigger
complement C3 cleavage, but also selectively bind to one of the
cleavage products C3a and/or its derivative C3a(des-Arg). Two
questions thus arise as whether C3 cleavage induce by nGO-
PEG is required for its binding to C3a/C3a(des-Arg), and what
is the ultimate effect on serum C3a/C3a(des-Arg) level after
nGO-PEG treatment. To address the first question, we bound
nGO-PEG-biotin to streptavidin agarose first to prepare nGO-
PEG-conjugated agarose beads. These conjugated beads were

Table 1. nGO-PEG-Associated Serum Proteins

protein band glycoprotein
swiss-
port pI

peptide
hits function

C3a/C3a(des-
Arg)

1 no P01024 9.69 12 complement C3 activation products; proinflammatory/adipogenic cytokine.

Vitronectin 1 yes P04004 5.46 17 inhibit complement MAC formation; promote cell adhesion and spreading.
Clusterin 2 yes P10909 5.85 3 part of the complement MAC; protects cells against apoptosis and complement-mediated

cytolysis.
HRG 2 yes P04196 7.09 9 multifunctional; regulate immune complex and pathogen clearance, cell adhesion,

angiogenesis, coagulation and apoptosis
PF4 1 no P02776 8.72 11 released from activated platelets; heparin binding; promote coagulation.
Thrombin 2 yes P00734 5.55 376 serine protease; coagulation cascade; catalyze coagulation-related reactions

Figure 3. Selective binding of nGO-PEG to C3a/C3a(des-Arg). (a)
Diagram of the complement C3 activation pathway. (b) Samples of
serum proteins bound to GO and nGO-PEG were prepared as
described in Figure 2, followed by 12% SDS-PAGE and Western blot
analysis using a monoclonal antibody against human C3a/C3a(des-
Arg). (c) Relative quantification of the C3a/C3a(des-Arg) levels in
(b). Error bars represent the standard deviation (n = 3). *P < 0.005.

Figure 4. Reduced complement C3 cleavage after PEGylation. Human
sera was incubated with 80 μg/mL GO, 80 μg/mL nGO-PEG, 0.5 mg/
mL PEG, and 10 mg/mL zymosan (as positive control) at 37 °C,
respectively, and C3 cleavage in each reaction was analyzed by
Western blot using antihuman C3a/C3a(des-Arg) antibody.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am302706g | ACS Appl. Mater. Interfaces 2013, 5, 1370−13771374



then incubated with sera at 4 °C, under which condition no
complement C3 activation would occur. Normal streptavidin
agarose beads were used as control. After incubation, beads and
bound proteins were removed from each reaction. C3a/
C3a(des-Arg) remained in the supernatant as well as its total
amount before beads removal were analyzed by Western blot
(Figure 5a). Total levels of C3a/C3a(des-Arg) in both

reactions (lane 1 and lane 2) were the same as that in normal
sera (lane 5), confirming that no C3 cleavage was induced
during incubation. Majority of the C3a/C3a(des-Arg) was
found to coprecipitate with nGO-PEG-conjugated beads (lane
14), leaving trace amount of it in treated supernatant (lane 3),
hence its binding to nGO-PEG does not require C3 activation.
Similar experiments were performed to address the second
question, except that the incubation of sera with either the
control beads (normal streptavidin agarose beads, nGO-PEG -)
or nGO-PEG-conjugated beads (nGO-PEG +) was carried out
at 37 °C instead of 4 °C (Figure 5b, 5c). At 37 °C, normal
streptavidin agarose beads (nGO-PEG -) did not activate
complement C3 (compare lane 8 with lane 6 and lane 11).
Even though some C3a/C3a(des-Arg) was induced by nGO-
PEG (compare lane 7 with lane 6 and lane 8), the binding
capacity of nGO-PEG to C3a/C3a(des-Arg) was high enough
(lane 12) to clear not only the newly generated C3a/C3a(des-

Arg), but also most of the pre-existing ones from sera,
ultimately resulting in the significantly decreased level of C3a/
C3a(des-Arg) in nGO-PEG treated supernatant (lane 9).

3.6. nGO-PEG as A Potential Inhibitor of C3a
Function. C3a functions through binding to its receptor
C3aR (a cell surface G protein-coupled receptor) in target cells
to mediate chemotaxis and inflammatory responses.83 The
binding of C3a to C3aR induces a quick rise in free cytosolic
Ca2+, which can be analyzed using U937 cells, a human
macrophage cell line expressing C3aR.67,84 As shown in Figure
5d, normal sera caused about 2-fold increase in the free
cytosolic Ca2+ level in U937 cells, whereas C3a-elevated sera,
prepared by pretreatment with 10 mg/mL zymosan at 37 °C,
greatly stimulated intracellular Ca2+ flux, resulting in a 5-fold
rise of free cytosolic Ca2+.
To further investigate the effect of nGO-PEG binding on the

activity of C3a, we prepared nGO-PEG-bound C3a and
separated it from sera as described in parts b and c in Figure
5 using nGO-PEG-conjugated beads (nGO-PEG +) at 37 °C.
For comparison, normal streptavidin agarose beads (nGO-PEG
−) were used in the mock reaction. The beads with associated
proteins as well as the supernatants were then tested for their
abilities to stimulate intracellular Ca2+ flux in U937 cells (Figure
5d). The supernatant after nGO-PEG-beads separation showed
significantly decreased calcium stimulation compared to both
normal sera and the mock supernatant (nGO-PEG -), and the
cytosolic Ca2+ level remained almost the same as that in the
control U937 cells, consistent with the barely detectable C3a/
C3a(des-Arg) level in Western blot analysis (Figure 5b, lane 9).
Although after pull-down a large amount of C3a/C3a(des-Arg)
was found to associated with nGO-PEG (Figure 5c, lane 12),
these nGO-PEG-bound C3a exhibited little calcium stimulatory
activity, evidenced by the similar cytosolic Ca2+ levels observed
in cells treated with nGO-PEG-conjugated beads (nGO-PEG
+) and normal streptavidin agarose beads (nGO-PEG −). Our
results suggest that the binding of nGO-PEG to C3a can
suppress C3a function by interfering with the interaction
between C3a and its receptor C3aR.

3.7. nGO-PEG as A Potential Regulator of C3a/
C3a(des-Arg) Level. C3a is an anaphylatoxin causing
chemotaxis, local inflammatory responses, and allergic-like
reactions, while its derivative C3a(des-Arg) is an adipogenic
cytokine involved in the pathogenesis of obesity. Therefore,
compare to other nanomaterials that can induce similar level of
complement C3 activation, nGO-PEG might have lower risk of
causing immune responses, because it can retain the
anaphylatoxin C3a produced from C3 cleavage and prevent
the normal interaction between C3a and its receptor.
Furthermore, given its high C3a/C3a(des-Arg) binding
capacity as well as the fact that its binding to C3a/C3a(des-
Arg) and C3 activation are two separate events, nGO-PEG
should also be able to bind C3a/C3a(des-Arg) generated by
other complement-activating materials, adjusting the serum
C3a/C3a(des-Arg) level. As a proof-of-concept demonstration,
two types of complement-activating materials, zymosan (a
natural glucan from yeast) and unfunctionalized GO (a
synthetic nanomaterial), were incubated with sera at 37 °C,
respectively. These C3a/C3a(des-Arg)-elevated sera were then
treated with nGO-PEG-conjugated beads. As shown in Figure
6, nGO-PEG treatment successfully restored the basal C3a/
C3a(des-Arg) level in GO-treated supernatant (lane 3), and for
sera incubated with the relatively weaker activator, zymosan,
nGO-PEG treatment led to a decrease of C3a/C3a(des-Arg)

Figure 5. High binding capacity of nGO-PEG toward C3a/C3a(des-
Arg) and inhibition of C3a function by nGO-PEG binding. Pull-down
assay was performed using either nGO-PEG-conjugated streptavidin
agarose beads (+) or unconjugated streptavidin agarose beads (−) at
indicated incubation temperature: (a) 4 and (b) 37 °C, respectively.
After sera incubation, fractions were collected before (Total) and after
(Supernatant) beads removal. The amount of C3a/C3a(des-Arg) in
each fraction was analyzed by Western blot using antihuman C3a/
C3a(des-Arg) antibody. (c) Western blot of C3a/C3a(des-Arg)
associated with streptavidin agarose beads after pull-down. (d)
Regulation of free cytosolic Ca2+ in U937 cells. Fura-2/AM-loaded
U937 cells were incubated with indicated serum samples, samples from
the 37 °C pull-down assay, or HBSS buffer as the control. The changes
of cytosolic Ca2+ concentrations were measured immediately as
described in the Experimental Section. + represents 33 μg/mL beads-
conjugated nGO-PEG in the reaction. Zy represents C3a-elevated sera
prepared by pretreatment with 10 mg/mL zymosan at 37 °C. Error
bars represent the standard deviation (n = 4). *P < 0.05.
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below the basal level (lane 5), suggesting a potential application
of nGO-PEG as an efficient remover for C3a/C3a(des-Arg).

4. CONCLUSION
In this study, we investigated the effects of PEGylation on
serum behaviors of GO nanosheets by comparing their
interactions with serum proteins. Compared with unfunction-
alized GO, nGO-PEG showed dramatic reductions in both
protein binding in general and the ability to induce comple-
ment C3 cleavage as expected. However, interestingly, both the
pull-down assay and subsequent LC-MS/MS data revealed
certain selectivity and increased binding capacities of nGO-PEG
toward a few serum proteins, six of which were identified,
including C3a/C3a(des-Arg), a proinflammatory/obesity-re-
lated adipogenic cytokine produced from C3 cleavage during
complement activation. A series of Western blot analysis
confirmed the high binding capacity of nGO-PEG with C3a/
C3a(des-Arg), enabling the former to serve as a potential
regulator of the later and its related diseases. Evidently,
PEGylation can selectively affect the interactions between GO
nanosheets and different serum factors, likely due to the
changes of surface chemistry which lead to variations at the
nanobio interface. Future work is required to further investigate
the selective interactions of nGO-PEG with C3a/C3a(des-Arg)
and other serum factors. Given the apparent size difference
between nGO-PEG and as made GO, the potential size effect
on the above interactions may be investigated as well.
Nevertheless, our findings demonstrate an interesting aspect
of the changes at the nanobio interface and in serum behaviors
of GO nanosheets after PEGylation, and suggest novel
potentials of nGO-PEG in biomedical researches as well as in
nanobiotechnology. Furthermore, the proof-of-concept dem-
onstration brings up an interesting idea that, when dealing with
biocompatibility issues, instead of traditional functionalization

strategies, one nanomaterial may be used to help enhance the
biocompatibilities of other nanomaterials.
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