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ABSTRACT: The unique physicochemical properties of gold nanoparticles
(AuNPs) provide many opportunities to develop novel biomedical
technologies. The surface chemistry of AuNPs can be engineered to
perform a variety of functions, including targeted binding, cellular uptake, or
stealthlike properties through the immobilization of biomolecules, such as
proteins. It is well established that proteins can spontaneously adsorb onto
AuNPs, to form a stable and functional bioconjugate; however, the protein−
AuNP interaction may result in the formation of less desirable protein−
AuNP aggregates. Therefore, it is imperative to investigate the protein−
AuNP interaction and elucidate the mechanism by which protein triggers
AuNP aggregation. Herein, we systematically investigated the interaction of
immunoglobulin G (IgG) antibody with citrate-capped AuNPs as a function
of solution pH. We found that the addition of antibody triggers the
aggregation of AuNPs for pH < 7.5, whereas a monolayer of antibody adsorbs onto the AuNP to form a stable bioconjugate when
the antibody is added to AuNPs at pH ≥ 7.5. Our data identifies electrostatic bridging between the antibody and the negatively
charged AuNPs as the mechanism by which aggregation occurs and rules out protein unfolding and surface charge depletion as
potential causes. Furthermore, we found that the electrostatic bridging of AuNPs is reversible within the first few hours of
interaction, but the protein−AuNP interactions strengthen over 24 h, after which the protein−AuNP aggregate is irreversibly
formed. From this data, we developed a straightforward approach to acrylate the basic residues on the antibody to prevent protein-
induced aggregation of AuNP over a wide pH range. The results of this study provide additional insight into antibody−nanoparticle
interactions and provide a pathway to control the interaction with the potential to enhance the conjugate function.

■ INTRODUCTION
Gold nanoparticles (AuNPs) have remarkable physicochemical
properties and high biocompatibility, and with properly
engineered surface functionalization, they have been exploited
in many emerging biomedical applications,1−6 including drug
delivery,7 photothermal therapy,8 tissue imaging,9 and disease
diagnosis.10 The surface chemistry of AuNPs allows it to adsorb
several biomolecules, such as proteins, to form functional
bioconjugates. Although many proteins form stable conjugates
with AuNPs, protein adsorption can trigger nanoparticle
aggregation. For example, bovine serum albumin (BSA) and
immunoglobulin G (IgG) have been shown to form stable
conjugates with AuNPs at physiological pH,11,12 while lysozyme
and other proteins induce AuNP aggregation at physiological
pH.13,14 To this point, it becomes relevant to understand the
fundamental mechanism by which these aggregations occur, to
synthesize stable protein−AuNP conjugates for use in a
biomedical application and avoid in vivo detrimental effects
caused by aggregates.15

Our group, as well as others, are specifically interested in the
adsorption of IgG antibody onto AuNPs to form highly stable
and functional conjugates for nanoparticle-enabled sensing
applications.16−22 In previous work, IgG molecules were found

to irreversibly adsorb onto citrate-capped AuNPs and resist
displacement from the AuNP surface by serum proteins.23 This
irreversible adsorption was attributed to the substantial number
of cysteine residues presented by the IgG molecule.24−28

Additional studies have established that protein charge governs
orientation upon adsorption to AuNPs, thereby influencing the
function of the bioconjugate.20,29−31 For example, as the
solution pH decreases, IgG orientation on the AuNP becomes
more favorable to increase the antigen-binding activity of the
conjugates; however, below pH 7.5, the protein induces the
aggregation of AuNPs during conjugation.30 Thus, a detailed
understanding of this antibody-induced AuNP aggregation
mechanism is needed to ensure aggregation is avoided and
potentially identify a pathway to synthesize stable, oriented, and
highly functional conjugates facilitated by low pH.
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Several mechanisms have been proposed for protein-induced
nanoparticle aggregation.13,14,32−37 For some proteins, aggrega-
tion of AuNPs is ascribed to the unfolding of protein upon
adsorption followed by destabilization of the conjugate.14,34

Zhang et al. first reported that lyzosyme undergoes a
conformational change upon adsorption to AuNPs at physio-
logical pH and that the partially unfolded protein promotes the
formation of large amorphous protein−AuNP aggregates.14

Similarly, it was reported that, at low concentrations, BSA
unfolds upon adsorption to gold nanorods and induces
aggregation.34 Alternatively, other scientific evidence suggests
that proteins may trigger nanoparticle aggregation by an
electrostatic bridging mechanism.32,33 For this mechanism,
exposed positive charges on proteins act as an electrostatic
bridge to crosslink negatively charged nanoparticles, e.g., citrate-
capped AuNPs. While much of the evidence for electrostatic
bridging was generated with silica nanoparticles, a few reports
have attributed protein-induced aggregation of AuNPs to this
mechanism.13,36 Finally, it is possible that the protein remains
folded, does not electrostatically crosslink particles, and adsorbs
to form a protein monolayer; however, van der Waals attraction
of nanoparticles resulting from surface modification triggers
conjugate aggregation. The extended Derjaguin−Landau−
Verwey−Overbeek (xDLVO) theory predicts that surface
charge depletion upon protein adsorption reduces the electro-
static repulsive forces responsible for conjugate stability, and the
osmotic potential increases to aid in conjugate stability.38−40

The relative contribution of each parameter and the overall
stability of the conjugate is difficult to accurately predict,40 but
allows for the possibility of protein-triggered AuNP aggregation
if the electrostatic repulsion is impacted to a greater extent than
the osmotic potential such that the van der Waals forces
(attractive forces) overcome the repulsive forces. Collectively,
these previous works establish that different proteins can trigger
nanoparticle aggregation by different mechanisms; thus, it is
imperative to identify commonalities among proteins that follow
the same mechanism. Only then can a predictive model be
developed for protein−nanoparticle interactions to direct
conjugate design strategies.
In this work, we specifically investigate the interaction of IgG

antibody with citrate-capped AuNPs as a function of pH. Several
analytical techniques have been employed, including extinction
spectrophotometry, dynamic light scattering (DLS), and ζ-
potential measurements, to elucidate which, if any, of the
previously described mechanisms drives the aggregation of
antibody−AuNP conjugates. Following mechanistic studies, we
identified a facile strategy to chemically modify the antibody
using established chemistry to eliminate the pH-dependent
aggregation. Our findings also suggest that the initial interaction
between the antibody and AuNP is weak and reversible;
however, with the increased contact time, the protein−AuNP
interaction hardens and is irreversible.26,28,41,42 Outcome of this
work will drive design strategies and aid in troubleshooting the
synthesis of antibody−AuNP conjugates that are widely adopted
in emerging nanobiotechnology applications.

■ MATERIALS AND METHODS
Reagents.Citrate-capped AuNPs with a nominal diameter of 60 nm

and concentration of 2.6 × 1010 particles/mL were used in all analyses.
All antibody studies were performed using a mouse monoclonal anti-
horseradish peroxidase IgG (anti-HRP; clone 2H11) obtained from
MyBioSource. Horseradish peroxidase (HRP) and 2,2′-azino-bis-(3-
ethylbenzothiazoline-6-sulfonic acid) (1-Step ABTS) were obtained

from Thermo Scientific (Rockford, IL). Phosphate buffers were
prepared using anhydrous potassium phosphate dibasic and potassium
phosphate monohydrate purchased from Mallinckrodt Chemicals, Inc.
(Paris, KY) and Fischer Scientific (Fair Lawn, NJ), respectively. All
solutions were prepared using nanopure deionized water from a
Barnstead water purification system (Thermo Scientific, Rockford, IL).

Antibody Preparation at Different pHs. A solution of anti-HRP
antibody was prepared at 2mg/mL in 2mMphosphate buffer (pH 7.5).
A 50 μL aliquot of the antibody was diluted to 500 μLwith buffers at pH
5, 6, 7, 7.5, 8, and 9. The resulting anti-HRP antibody solutions were
concentrated using an Amicon filter (MWC 100 kDa) by centrifugation
at 14 000g for 10 min to an approximate volume of 20 μL. The
concentrates were collected following results of the manufacturer’s
recommendation. The concentration of antibodies resuspended in
buffers of different pH was determined by a NanoDrop 2000 (Thermo
Scientific). A 90% recovery was achieved consistently. Recovered
antibodies were further diluted to 1 mg/mL in 2 mM buffer at the
appropriate pH and the hydrodynamic diameter was measured to
confirm that the antibody did not aggregate as a result of solution pH.

Antibody−AuNP Synthesis at Different pHs. AuNP−antibody
conjugates were synthesized by first centrifuging 100 μL of AuNPs at
5000g for 5 min. Nanoparticle pellets were resuspended in 100 μL of 2
mM phosphate buffer of pH 6.0, 6.5, 7.0, 7.5, 8.0, and 8.5. It was
necessary to keep the buffer concentration and ionic strength low to
prevent aggregation of the unconjugated AuNPs prior to adsorption of
the protective antibody layer. Antibody (3 μg) was added to 100 μL of
AuNPs at each pH in a low-binding microcentrifuge tube for 3 h with
gentle agitation. This ratio of antibody to AuNP was selected to ensure
the formation of a full monolayer of antibody on the AuNP.30 After
incubation, the AuNP−antibody suspension was centrifuged at 5000g
for 5 min to pellet the formed conjugates. The supernatant was
discarded to remove excess antibodies not adsorbed onto the AuNPs
followed by resuspension of the conjugates in buffer of the same pH.
The conjugates were further purified by performing the centrifuging/
resuspension cycle three times.

Antibody−AuNP Conjugate Buffer Exchange. Stable purified
AuNP−antibody conjugate synthesized at pH 8.0 was centrifuged at
5000g for 5 min. The supernatant was discarded, whereas the pelleted
conjugates were resuspended in a 2 mM buffer at pH 6.0 or 6.5 and
allowed to stand for 4 or 24 h. The pH of AuNP−antibody suspension
after buffer exchange was initially assessed with pH paper and
confirmed with a pH microelectrode.

Antigen-Binding Activity of Antibody−AuNP Conjugates.
Antigen-binding capacity of the conjugates was measured to determine
the impact of AuNPs on antibody unfolding. To this end, we employed
an established immunoassay technique to assess the antigen capture
activity of antibodies adsorbed onto AuNPs.43 Purified AuNP−
antibody conjugates (100 μL) were incubated with 3 μg of HRP for
1 h. After incubation, excess uncaptured HRP was removed by
centrifuging at 5000g for 5 min. The conjugates saturated with bound
HRP were further washed three times to ensure the removal of all free
HRP. ABTS (150 μL) was mixed with the conjugates (10 μL) and the
enzymatic activity of HRP captured by the conjugates was quantified by
the spectrophotometric analysis of the colored product (ABTS+). The
concentration of HRP captured by the conjugates was determined from
a calibration curve generated from the analysis of the standard solutions
of HRP.

Chemical Modification of Antibody. Anti-HRP antibody was
modified with N-succinimidyl acrylate (NSA) to acrylate the lysine
residues. NSA (2 μL at 50 mM) was added to 50 μg of anti-HRP
antibody and allowed to react for 2 h at room temperature with gentle
shaking. Excess unreacted NSA was removed using an Amicon Ultra
Centrifuging filters (MWCO 100 kDa). Five hundred microliters of 2
mM phosphate buffer pH 7.5 was used to rinse out glycerol on the filter
membrane by centrifuging at 10 000g for 5 min. The antibody/NSA
reaction mixture was diluted to 500 μL and centrifuged at 14 000g for
12 min. The filter was inverted and centrifuged at 1000g for 3 min to
recover modified antibodies. A NanoDrop 2000C spectrophotometer
(Thermo Scientific, Rockford, IL) was used to measure the
concentration of modified antibodies. The chemical modification was
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confirmed by measuring the ζ-potential of the antibody before and after
chemical modification.
Antibody−AuNP Characterization and Stability Analysis.

Ultraviolet−Visible (UV−Vis) Characterization. Extinction spectra of
the AuNP−antibody conjugates were acquired to evaluate the stability
of the conjugates using a Cary 1 Bio UV−visible dual-beam
spectrophotometer with a spectral bandwidth of 0.1 nm. For this
experiment, 80 μL of the conjugate was introduced into a microcuvette,
after which a UV−vis scan was obtained from 350 to 900 nm at 0.5 nm
increments. An iMark microplate reader (Bio-Rad) was used to assess
the HRP enzymatic assay by monitoring the absorbance of the formed
product at 415 nm at 10 s intervals for 20 min.
DLS Size and ζ-Potential Measurements. A Malvern Zetasizer

Nano ZSP operating with noninvasive backscatter optics was used to
carryout conjugate size and ζ-potential measurements. A folded
capillary cuvette was filled with the appropriate buffer followed by a
careful introduction of 20 μL of the conjugate to the bottom of the
cuvette by the aid of a capillary pipette tip. Before size and ζ-potential
measurements, the conjugates were equilibrated at 25 °C for 30 s.
Conjugate size and ζ-potential measurements were performed in
triplicate, and each measurement consisted of the analysis sequence of
size-ζ potential-size. This sequence was adopted to confirm no
aggregates were generated during the ζ-potential measurement. For
each size and ζ-potential measurement, 15 separate runs were averaged.

■ RESULTS AND DISCUSSION

Effect of pH on Antibody-Triggered Aggregation of
AuNPs. To evaluate the impact of pH on the interaction
between anti-HRP antibody and AuNPs, we prepared a series of
AuNP suspensions in 2 mM phosphate buffers ranging from pH
6.0 to 8.5 and added equivalent amounts of anti-HRP antibody
to each pH-adjusted AuNP suspension. The mixtures were
visually inspected for color and analyzed via UV−visible
spectrophotometry and DLS to assess AuNP stability and the
formation of antibody−AuNP conjugates. Each AuNP suspen-
sion remained red following pH adjustment (Figure S1);
however, an immediate and obvious pH-dependent color
change was observed following the addition of antibody.
Mixtures prepared at pH ≤ 7.0 turned purple immediately
following the addition of antibody, whereas mixtures prepared at
pH ≥ 7.5 maintained the red color of the unconjugated AuNP
suspension. This color change from red to purple is indicative of
AuNP aggregation and establishes that anti-HRP antibody
induces the aggregation of AuNP at a pH ≤ 7.0, while the
protein does not trigger AuNP aggregation at pH ≥ 7.5.13,44

The extinction spectra for the antibody−AuNP mixtures at
each pH were collected 4 h after the addition of the protein and
are presented in Figure 1A. The extinction maximum of the
antibody−AuNP mixture at pH ≥ 7.5 red-shifted 7 nm to 542
nm relative to the unconjugated AuNP (λmax = 535 nm). This
shift in extinction maximum is due to a change in the local
refractive index at the AuNP surface and is the characteristic of
the adsorption of antibody onto the surface of the AuNP.45,46

Moreover, the extinction bandwidth does not broaden at pH ≥
7.5, confirming the formation of monodisperse conjugates. At
pH ≤ 7.0, the extinction band is substantially red-shifted,
diminished at 542 nm, and broadened, indicating that the
AuNPs aggregate. The antibody−AuNP mixtures were further
analyzed via DLS to confirm pH-dependent aggregation (Figure
1B). Amean hydrodynamic diameter of 87± 4 nmwas recorded
for AuNP−antibody conjugates formed at pH 7.5 and above.
This size increase reflects monolayer coverage of IgG antibody
and is consistent with previous reports on the synthesis of stable,
monodisperse antibody−AuNP conjugates.11 AuNP aggregates
with mean sizes greater than 200 nmwere observed for protein−
AuNP mixtures below pH 7.5 and corroborate the conclusions
drawn from the color changes and extinction spectra.
It is well established that proteins can spontaneously adsorb

onto the surface of gold nanoparticles through electrostatic
interactions, Au−S chemisorption via native cysteine residues,
and entropic effects.26 Protein adsorption onto nanoparticles
often forms a stable conjugate; however, as shown in Figure 1,
the association of the proteins with the AuNP alters the stability
of the AuNP under certain conditions, such as pH ≤ 7.0. Three
mechanisms for protein-triggered aggregation of nanoparticles
have been previously reported. First, upon adsorption to the
AuNP, the protein could unfold, thereby exposing the
hydrophobic regions of the protein adlayer to result in AuNP
aggregation.14,34 Second, the displacement of the citrate capping
agent by less charged protein could result in surface charge
depletion, which is required for nanoparticle stability as detailed
by the xDLVO theory.38−40 Third, electrostatic bridging of the
negatively charged citrate-capped AuNP by the regions of
positive surface charge on the protein has been described as a
potential mechanism for protein-induced AuNP aggrega-
tion.13,32,33,36

Molecular simulations of antibody surface charge support the
possibility of electrostatic bridging or surface charge depletion as

Figure 1. Evaluating the stability of antibody−AuNP conjugates at pH 6.0−8.5. (A) UV−visible extinction spectra of antibody−AuNP conjugates
synthesized at different pH by adding excess antibodies to AuNP and incubating for 4 h. (B) DLS measured size distribution of antibody−AuNP
conjugates synthesized at pH 6−8.5.
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the cause for protein-triggered AuNP aggregation. As shown in
Figure S2, with red and blue indicating regions of negative and
positive charges, respectively, pH has a significant impact on IgG
surface charge over a relatively small pH range of 6.0−7.5.47 As
expected, the positive charge increases with decreasing pH as a
result of protonating the basic amino acids ubiquitous to IgG.
Considering the pKas of the amino acid side chains, it is likely
that the imidazole on the histidine residues undergoes
protonation/deprotonation to modulate protein charge in the
pH range of 6.0−8.0, while the amine on the lysine residues is
primarily protonated. Thus, the negative charge of the citrate-
capped may be offset upon adsorption of the more positively
charged antibody at pH ≤ 7.0, resulting in AuNP aggregation.
Unfortunately, aggregation of the conjugates at these lower pHs
prevented the accurate determination of the conjugate ζ-
potential. Alternatively, the increase in positive regions on the
antibody macromolecule at lower pHs (Figure S2) could result
in the electrostatic bridging of two AuNPs to form aggregates.
DLS analysis of purified protein solutions shows no evidence of
unfolding in each pH solution prior to adsorption on the AuNP
with the protein measuring 11 ± 2 nm independent of the
solution pH. Admittedly, unfolding may be induced upon
interaction with the AuNP surface to trigger AuNP aggregation;
however, this mechanism seems unlikely given that the data in
Figure 1 confirm that the antibody adsorbs onto the AuNP at pH
≥ 7.5 without aggregating. The following sections aim to
elucidate the mechanism for antibody-triggered aggregation at
lower pHs. Once the causative mechanism is identified,
approaches can be taken to mitigate the effect and facilitate
conjugation at lower pHs, which may lead to improved antibody
orientation or greater antigen-binding activity.20,29,30

Buffer Exchange of Stable Antibody−AuNPs to Lower
pH. To differentiate between surface charge depletion and
electrostatic bridging as the source of protein-triggered AuNP
aggregation, a stable conjugate was first synthesized at pH 8.0.
After allowing 1 h for antibody to adsorb onto the AuNP, the
conjugate was centrifuged, the supernatant was decanted, and
the conjugates were resuspended in pH 6.0, 6.5, or 8.0 buffer.
Buffer exchange to lower pH after the formation of a stable
conjugate at pH 8.0 was conducted to alter the surface charge of
the adsorbed protein, which, in effect, decreases the overall net
charge of the conjugates. We anticipated that if the mechanism
of protein-triggered aggregation proceeds by the reduction of
the nanoparticle surface charge, which would reduce the

diffusion bilayer thickness, then the nanoparticles are expected
to aggregate upon titration to lower pH. Conversely, if
electrostatic bridging is responsible for protein-triggered
aggregation, we expect that the conjugates formed at pH 8.0
would be stable when resuspended at pH 6.0 and 6.5 since the
gold surface would already be saturated and unavailable to
interact with the positive regions on neighboring conjugates.
Extinction spectra were collected 4 h after the conjugates were
resuspended in pH 6.0 and 6.5 buffers (Figure 2A).
Interestingly, the extinction bands are not red-shifted and are
only slightly broadened relative to that collected for the stable
conjugate formed at pH 8.0. The conjugates had mean
hydrodynamic diameters of 96 ± 1, 97 ± 1, and 82 ± 2 nm
when resuspended at pH 6.0, 6.5, and 8.0, respectively (Figure
2B). The conjugates remained stable for at least 24 h, although it
is worth noting that some of the conjugates adsorbed to the walls
of the microcentrifuge tube as the pH decreased (Figure S3).
DLS is known to overestimate the mean particle sizes for a
population even with trace levels of larger aggregates given its
inherent bias for detecting larger aggregates that scatter light
more efficiently;48 thus, the minimal increase in mean size is
likely due to the presence of a few aggregates in the
overwhelmingly stable antibody−AuNP suspension. It is well
established that protein monolayers are not close-packed and
often require additional blocking agents to passivate unmodified
regions on the surface; thus, the formation of a few aggregates
can be rationalized as the crosslinking of two conjugates where
the adsorbed antibody on one conjugate binds to a region of
unmodified gold due to poor monolayer packing on another
conjugate, i.e., electrostatic bridging. Nevertheless, the stability
of these conjugates is in stark contrast to the addition of
antibody to unconjugated AuNP at pHs 6.0 and 6.5, and these
results indicate that the preformed, stable conjugates do not
aggregate after titration to lower pHs.
Collectively, these results suggest that the reduction of the net

nanoparticle surface charge by adsorbed antibodies is not the
prevalent mechanism that causes nanoparticles to aggregate at
pH ≤ 7.0. When stable conjugates synthesized at pH 8.0 are
resuspended in a lower pH buffer, the net charge on the
conjugates is reduced (Figure S4) as anticipated as more
ionizable side chains are protonated. While the electrostatic
potential decreases upon resuspension of conjugates in a buffer
of lower pH, the xDLVO theory suggests that the adsorbed
protein layer provides additional elastic and osmotic poten-

Figure 2. Extinction spectra (A) and DLS measured size distribution (B) of antibody−AuNP conjugates synthesize at pH 8.0 and resuspended at pH
6.0, 6.5, and 8.0. Conjugates were aged 4 h in a final buffer prior to analysis.
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tials.39,40 These repulsive forces from adsorbed antibody
contribute to the overall surface potential, which prevent the
antibody−AuNP conjugate from aggregating.
The antigen-binding activity of the conjugates was measured

to confirm that the antibody did not denature at lower pHs or
upon adsorption on the AuNP. As noted above, the unfolding of
proteins upon adsorption onto nanoparticles has also been
proposed as one of the mechanisms that can drive nanoparticle
aggregation;14,34 thus, we aimed to definitively rule out this
pathway to aggregation. Hypothesizing that the antigen-binding
capabilities of antibodies will be lost if the antibody unfolds, we
implemented a previously developed enzyme-based assay to
quantify the antigen-binding activity of the conjugate.43 Here,
stable, purified anti-HRP antibody−AuNP conjugates were
resuspended in buffer at pH 6.0, 6.5, and 8.0 for 24 h and mixed
with an excess of HRP to saturate all available binding sites on
the conjugates. The enzymatic activity of HRP captured by
conjugates was analyzed to quantify the number of active
binding sites presented by the antibodies adsorbed onto the
AuNP. Figure 3 shows that antibody−AuNP conjugates were

highly active at each pH, capturing >200 HRP molecules per
conjugate, and the slightly greater antigen-binding capacity of
the conjugate at pHs 6.0 and 6.5 compared to pH 8.0 potentially
arises from different antibody orientations.29,30 This result
suggests no drastic unfolding of antibodies adsorbed onto
AuNPs that can trigger nanoparticle aggregation.
Based on the stability and activity of the conjugates after

resuspension at low pH, charge depletion and protein unfolding
can be ruled out as mechanisms to describe the behavior of
antibody-triggered aggregation of AuNP. Therefore, these
observations suggest that antibody induces AuNP aggregation
at lower pHs as a result of electrostatic bridging.
Effects of Titration with NaOH on the Reversibility of

Aggregates. DLS and UV−visible spectrophotometry were
conducted to probe the reversibility of the AuNP aggregates
formed by the addition of antibody at pH 6.0 and 6.5. The
antibody was added to 100 μL of AuNPs at pH 6.5, and the
aggregates were characterized after 30 min, 5 h, and 24 h of
incubation at room temperature. DLS measured size distribu-
tions are presented in Figure 4A−C and show that large
aggregates were observed at all time points. The persistence of
these aggregates over a period of 24 h implies no propensity
toward spontaneous reversibility. Extinction spectra confirm the

formation of aggregates at each time point (Figure 4D−F).
Subsequently, the pH was adjusted to pH 8.0 by the addition of
0.1 M NaOH to the aggregates formed after each incubation
time. The sample that was allowed to incubate for 30 min
immediately turned from purple to red upon the addition of 0.1
M NaOH. The hydrodynamic diameter shifted to reflect a
population of monodisperse conjugates consisting of a single
particle with a monolayer of antibody (Figure 4A), and the
extinction spectrum corroborated the reversibility of the
aggregate formation upon addition of base (Figure 4D). Similar
reversible behavior was observed for the aggregates allowed to
incubate for 5 h; however, there was a small but notable increase
in the mean hydrodynamic diameter after the addition of NaOH
to reverse the aggregation relative to the stable conjugates
formed at pH 8.0 (Figure 4B,E). Most notably, a significant
amount of aggregates was still present for the 24 h incubation
even after the addition of 0.1 M NaOH (Figure 4C,F). Similar
trends for incubation time-dependent reversible aggregation
were found for the experiments performed at pH 6.0 (Figure
S5).
These observations support an electrostatic bridging mech-

anism for antibody-induced AuNP aggregation at low pHs. We
inferred that the positive patches on the antibodies initiate long-
range electrostatic interactions that govern the initial protein
interaction with the citrate-capped AuNP. However, this
electrostatic interaction results in a loosely bound soft corona,
and the protein−AuNP interaction can be reversed upon
deprotonation of the antibody. Increased incubation time allows
the loosely adsorbed antibody to undergo a reorientation and
rearrangement process to establish a more thermodynamically
stable interaction. This process of corona hardening leads to a
robust and irreversible interaction between the antibody and
AuNP, and this process has been previously reported.26,28,41,42

Mitigating Antibody-Triggered Aggregation of
AuNPs. One pathway to prevent protein-triggered aggregation
of AuNPs is to reduce the positive charge on the protein surface.
Molecular simulations confirm that the total surface charge of
proteins is determined by the number and identity of ionizable
side chains of its amino acids. Primary amines of lysine residues
are mostly protonated at and below physiological pH and are
largely responsible for the total positive charge on the protein
surface. We hypothesized that chemical modification of the
surface accessible amines to introduce a neutral functional group
would decrease the number of positively charged regions on the
protein, thereby preventing electrostatic bridging of the AuNPs.
To this end, we reacted the antibody with N-succinimidyl
acrylate (NSA) to modify the most solvent-accessible lysine
residues (Figure S6). The acrylated lysine loses the potential to
possess a positive charge even at acidic pH and substantially
reduces the localized positive charges on the chemically
modified antibody as confirmed by molecular simulations
(Figure S7).47

Equivalent amounts of chemically modified antibody were
added to the suspensions of AuNP adjusted to pH 6.0 and 6.5 to
evaluate the impact of protein acrylation on the interaction
between anti-HRP antibody and AuNPs. Each conjugate
remained red following the addition of the acrylated antibody,
in contrast to the drastic color change observed for the addition
of an unmodified antibody to AuNP at pH 6.0 and 6.5.
Extinction spectra for the modified antibody−AuNP mixtures
were collected 4 h after the addition of protein (Figure 5A). The
extinction band is the characteristic of well-dispersed single
particles, with the extinction maxima observed at 538 and 537

Figure 3. Quantitation of antigen-binding activity of conjugates after
resuspension into a buffer of pH 6.0, 6.5, and 8.0. Antibody−AuNP
conjugate synthesized at pH 8.0 is resuspended in a buffer of pH 6.0,
6.5, and 8.0 for 24 h.
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nm for conjugates at pH 6.0 and 6.5, respectively. DLS analysis
yielded a mean hydrodynamic diameter of 69 ± 2 nm and
confirmed the formation of stable conjugates with acrylated
antibody at pH 6.0 and 6.5 (Figure 5B). In support of our
hypothesis, these data demonstrate the ability to synthesize
stable AuNP−antibody conjugates at lower pH after knocking
out some of the positive charges on the antibody.

■ CONCLUSIONS

In summary, we studied the effect of pH on the interaction of
antibody with citrate-capped AuNPs and systematically
manipulated the chemical system to provide insight into the

mechanism responsible for the antibody-induced aggregation of
AuNPs. While several mechanisms have been proposed for
protein-triggered nanoparticle aggregation, our results confirm
that the protein surface charge governs antibody-triggered
AuNP aggregation. Our data support electrostatic bridging as
the prevalent mechanism by which antibodies induce AuNP
aggregation at pH ≤ 7.5, where a single protein with multiple
regions of localized positive surface charge interacts with two
negatively charged AuNPs. Each AuNP can support multiple
protein bridges to result in large, multiparticle aggregates. In
addition to elucidating this aggregation mechanism, we
demonstrated that modification of basic amino acids on the

Figure 4. Reversibility of aggregation by addition of NaOH. DLS size distribution (A−C) and extinction spectra (D−F) of conjugates synthesized at
pH 6.5 for 30 min (A and D), 5 h (B and E), or 24 h (C and F) and titrated to higher pH by addition of 0.1 M NaOH. Red lines represent the size
distribution and extinction spectrum of antibody−AuNP conjugates formed at pH 8.0 as a reference for monodisperse conjugates.

Figure 5. Synthesis of UV−visible extinction spectra (A) and DLS measured size distribution (B) of antibody−AuNP conjugates synthesized with
chemically modified (acrylated) antibody at pH 6.0 and 6.5 (solid lines). Characterization of conjugates synthesized with an unmodified antibody is
included as controls (dashed lines).
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protein can reduce protein surface charges to prevent AuNP
aggregation and facilitate conjugate synthesis under lower pH
conditions. This approach can potentially be applied to other
protein systems that trigger the aggregation of AuNP or as a
means to alter the orientation of proteins immobilized on the
nanoparticle surface to enhance biological function.
Our studies provide additional insights into general nano-

particle stability and protein−AuNP interactions, beyond those
associated with protein-induced aggregation. We reaffirm steric
interactions as one of the potentials contributing to the stability
of protein-functionalized AuNPs as proposed by several
theoretical models.44−46 This allows the formation of a stable
conjugate under ideal solution conditions followed by the
subsequent resuspension of the preformed conjugate in more
diverse solution conditions that are otherwise unfavorable
during the conjugate synthesis. Finally, our reversibility study
shows that electrostatic forces govern the initial interaction
between the protein and AuNP, but electrostatic forces are
reversible. However, after aging, the protein irreversibly binds.
This observation is consistent with previous reports of the
formation of hard protein coronas,26,41,42 a three-step model for
protein−AuNP adsorption,28 and the importance of thiol−
AuNP interactions.24,26
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