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ABSTRACT: Many emerging nanobiotechnologies rely on the
proper function of proteins immobilized on gold nanoparticles.
Often, the surface chemistry of the AuNP is engineered to control
the orientation, surface coverage, and structure of the adsorbed
protein to maximize conjugate function. Here, we chemically
modified antibody to investigate the effect of protein surface
chemistries on adsorption to AuNPs. A monoclonal anti-horse-
radish peroxidase IgG antibody (anti-HRP) was reacted with N-
succinimidyl acrylate (NSA) or reduced dithiobissuccinimidyl
propionate (DSP) to modify lysine residues. Zeta potential
measurements confirmed that both chemical modifications reduced
the localized regions of positive charge on the protein surface, while
the DSP modification incorporated additional free thiols. Dynamic
light scattering confirmed that native and chemically modified
antibodies adsorbed onto AuNPs to form bioconjugates; however, adsorption kinetics revealed that the NSA-modified antibody
required significantly more time to allow for the formation of a hard corona. Moreover, conjugates formed with the NSA-modified
antibody lost antigen-binding function, whereas unmodified and DSP-modified antibodies adsorbed onto AuNPs to form functional
conjugates. These results indicate that high-affinity functional groups are required to prevent protein unfolding and loss of function
when adsorbed on the AuNP surface. The reduced protein charge and high-affinity thiol groups on the DSP-modified antibody
enabled pH-dependent control of protein orientation and the formation of highly active conjugates at solution pHs (<7.5) that are
inaccessible with unmodified antibody due to conjugate aggregation. This study establishes parameters for protein modification to
facilitate the formation of highly functional and stable protein−AuNP conjugates.

■ INTRODUCTION

Protein−gold nanoparticle conjugates are poised to play a
critical role in next-generation biomedical technologies.1−7

Advances in diagnostic testing,8−15 tissue and cellular
imaging,16−18 photothermal therapy,19 biocatalysis,20 and
drug delivery21 have been achieved with the integration of
functionalized gold nanoparticles. The overall success and
widespread implementation of these nanoparticle-enabled
technologies hinges on the effectiveness of the protein−
nanoparticle conjugate, specifically the interfacial chemistry to
immobilize the surface protein. The protein should retain its
native conformation and confer an appropriate orientation to
prevent a loss in activity upon immobilization.22,23 Moreover,
the attachment chemistry must be robust to prevent
desorption in diverse and complex biological matrices. Thus,
it is essential to understand the protein−AuNP interaction to
control and maximize conjugate function.
To date, most biofunctionalization strategies have focused

on surface modification of the AuNP as a first step to facilitate
directed, robust binding of the protein without loss of function.

For example, AuNPs can be carboxylated in a first step
followed by EDC/NHS mediated coupling chemistry that
targets the primary amine of lysine residues presented by
proteins as a strategy to form a robust protein adlayer.24−26

Surface modification of AuNPs to target oxidized carbohy-
drates on the Fc fragment of IgG antibodies has been explored
as an effective means to modulate protein orientation.27−29

AuNP functionalization with various ligands in combination
with protein engineering to introduce site-specific protein
modifications has been utilized to control protein orientation
and provide high-affinity attachment to the AuNP surface,
although this approach is not broadly applicable.30−32 In other
works, prefunctionalization of the AuNP surface was found to
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prevent protein denaturation upon binding to the AuNP
surface.33

Herein, we explore an alternative approach to biofunction-
alization, in which the protein is chemically modified as a first
step followed by adsorption onto the AuNP surface. Interest in
the formation of protein coronas around nanoparticles has led
to a growing body of work dedicated to the interaction of
proteins with AuNPs. Those works established that electro-
static interactions between the protein and the nanoparticle
govern the stability and orientation13,34−36 of the adsorbed
protein and the number of S−Au interactions is largely
responsible for the affinity of the protein−nanoparticle
interaction.31,37−40 For example, positively charged proteins
can destabilize negatively charged nanoparticles to render the
conjugate unstable via electrostatic bridging.41−43 Moreover,
solution pH modulates protein charge to directly impact the
orientation of antibody adsorbed onto AuNPs, with preferred
orientation adopted as the pH decreases.34,35 However, when
exploiting pH for directed orientation, there is a lower pH
threshold at which the AuNPs aggregate. Capitalizing on these
protein−AuNP interactions, Treuel et al. chemically modified
bovine serum albumin (BSA) to modulate protein charge,
thereby altering BSA orientation on the AuNP surface and
leading to differences in cellular uptake of the bioconjugate.36

Our group has previously demonstrated that acrylating the
amino group on lysine residues reduces the overall protein
charge to improve conjugate stability at low pH by
circumventing electrostatic bridging of the AuNPs.44,45 Lastly,
antibodies have been modified with Traut’s reagent to
introduce additional thiols and increase the affinity of the
protein−AuNP interaction.46,47 Thus, these limited reports
support the exploration of biofunctionalization with chemically
modified proteins as a means to enhance conjugate stability
and function.
In this work, we chemically modified an antibody to

introduce high-affinity thiols or to reduce protein charge. We
then studied the effect of these chemistries on the formation of
a protein corona on AuNPs. First, the antibody was modified
by reacting with N-succinimidyl acrylate (NSA) to neutralize
positively charged lysine residues. This strategy extended the
synthesis of stable antibody−AuNP conjugates to lower pHs,
allowing further investigation into pH-controlled orientation.
Second, antibody was modified by reacting with reduced
dithiobissuccinimidyl propionate (DSP) to neutralize pos-
itively charged lysine residues and incorporate additional free
thiol groups. This modification enabled the synthesis of stable
conjugates at previously inaccessible low pHs and provided
high-affinity moieties for the surface of AuNPs. The adsorption
kinetics of the native and chemically modified antibodies were
assessed using UV−vis spectrophotometry, dynamic light
scattering, and zeta potential measurements. The fully formed
conjugates were then compared with respect to antigen-
binding activity. Moreover, solution pH was varied during
antibody adsorption to investigate orientation effects. Our
results revealed that functional groups with a propensity to
adsorb onto AuNPs with high affinity are necessary to prevent
protein unfolding. Additionally, we concluded that chemical
modification of a protein is a viable approach to form highly
stable and highly active bioconjugates. While this work focuses
on IgG antibody adsorption, the physicochemical insight can
be extended to other protein−AuNP systems.

■ RESULTS AND DISCUSSION
Antibody Chemical Modification and Characteriza-

tion. Primary amines of lysine residues are protonated at
physiological pH and are a significant source of positive surface
charge on the protein. Thus, chemical modification of the
surface accessible lysine residues, through an addition−
elimination reaction, can mask the basic moiety and serve to
modulate the protein charge. In silico analysis confirmed that
acrylated lysine residues substantially reduce the positive
charge on a fully characterized IgG.45

Antibody chemical modification was carried out exper-
imentally using NSA and reduced DSP (referred to as DSP).
We envisaged that acrolein and a thiol propionate group will
be covalently bonded to primary amines of lysine residues
upon reacting with NSA and reduced DSP, respectively
(Scheme 1). The zeta potential of the unmodified, NSA-

modified, and DSP-modified antibodies buffered at pH 7.5 was
measured to assess protein charge and confirm chemical
modification. The unmodified antibody exhibited a zeta
potential of −10.5 ± 1.1 mV, whereas the NSA-modified Ab
and DSP-modified Ab had zeta potentials of −22.7 ± 1.2 mV
and −19.3 ± 2.6 mV, respectively (Figure 1A). Both modified
antibodies presented a substantially more negative surface
charge at pH 7.5 than the unmodified antibody as anticipated
by the elimination of the basic characteristic of the lysine side
chain. These data confirmed chemical modification of lysine
residues through the primary amine and established that
antibody surface charge can be manipulated via chemical
modification.
Modification of the antibody with reduced DSP was further

characterized by the quantitation of free thiols present on the
unmodified and DSP-modified antibodies. The number of free
thiols on the unmodified protein were quantified using
Ellman’s reagent and a previously established protocol (Figure
1B).48,49 No free thiols were detected on the unmodified
antibody, consistent with molecular models showing that each
cysteine residue is involved in a disulfide bond and therefore
not detected by Ellman’s reagent.37 However, 11 ± 3 free
thiols were detected for the DSP-modified antibody. These
results further confirmed chemical modification of the
antibody and showed that free thiols can be added to proteins,
which may impact adsorption to AuNPs.46,47

Scheme 1. Modification of Lysine Side Chain to Acrylate (i)
and Thiolate (ii) the Amino Group
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Chemical modification of the antibody may affect the
antigen binding site, consequently, resulting in the loss of
function, i.e., the antigen binding capacity. Thus, equilibrium
dialysis was performed to examine the antigen-binding activity
of the anti-HRP antibodies free in solution before and after
chemical modification. To this end, an HRP solution (10 nM)
was added to one chamber of the dialysis device and an
antibody solution (7 nM) was added to the adjacent sample
chamber. The antibody solutions included unmodified anti-
HRP antibody, NSA-modified anti-HRP antibody, and reduced
DSP-modified anti-HRP antibody. A mouse IgG2b isotype
control and buffer were also added to the sample chamber to
serve as negative controls. The HRP and sample chambers
were separated by a 100 kDa membrane, and the solutions
were equilibrated for 3 h to allow HRP (MW 44 kDa) to
equilibrate between the chambers, while the IgG was confined
to its original chamber (MW 150 kDa) (Figure 2A). The
concentrations of HRP and antibody were selected to allow the
HRP molecules to be exhaustively captured by a functional
antibody, given the divalency of an IgG antibody. After
equilibration, the solution was removed from the chamber
originally filled with HRP and the remaining HRP was
measured based on enzymatic activity for the substrate ABTS.

Figures 2B and S1 show that no HRP was detected in the HRP
chamber when equilibrated against a sample chamber filled
with the unmodified, NSA-modified, or DSP-modified anti-
HRP antibody. This result confirmed these antibodies bind the
HRP antigen and completely extracted HRP from its original
chamber. For the IgG isotype control and buffer, the HRP
solution equilibrated to equimolar concentrations in both
chambers (half the pre-equilibration concentration), since no
binding occurred to concentrate the HRP in the sample
chamber (Figures 2B and S1). The results established that
NSA and DSP modification of the antibody did not diminish
the antigen-binding function of the anti-HRP antibody. The
antigen-binding function of the chemically modified anti-HRP

Figure 1. Zeta potential of unmodified, NSA-modified, and DSP-
modified anti-HRP antibodies (A). Quantity of free thiols on
unmodified and DSP-modified anti-HRP antibodies (B).

Figure 2. (A) Illustration of the equilibrium dialysis apparatus loaded
with antibody sample in the left chamber and HRP in the right
chamber (i) before and (ii) after equilibration. (B) Quantity of HRP
remaining in the HRP chamber (right chamber) expressed as the
enzymatic reaction rate. (ND = not detected; IgG Control = IgG2b
isotype negative control; Buffer (after equil.) = signal in HRP
chamber after equilibration with buffer; Buffer (before equil.) = signal
in HRP chamber before equilibration).
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antibodies was confirmed with an enzyme-linked immuno-
sorbent assay (ELISA) (Supporting Information; Figure S2).
Kinetics of Hard and Soft Antibody Corona For-

mation on AuNPs. To evaluate the impact of chemical
modification on the interaction between the antibody and
AuNPs, an excess of unmodified, NSA-modified, and DSP-
modified anti-HRP antibody was incubated with AuNPs for 1
h at pH 7.5 (antibody:AuNP = 4600:1). Previously, we
determined that IgG antibodies spontaneously adsorb onto
citrate-capped AuNP to provide a monolayer coverage within 1
h.50 Excess unbound antibody was separated from the
conjugates via centrifugation, and the purified conjugates
were characterized using UV−vis spectrophotometry, dynamic
light scattering (DLS), and zeta potential. Unconjugated 60
nm AuNPs exhibited an extinction maximum at 536 nm
(Figure 3A). An extinction maximum was observed at 540−
541 nm for the 60 nm AuNPs incubated with unmodified and
DSP-modified antibody for 1 h (Figure 3A). This 4−5 nm red
shift is characteristic of an adsorbed protein monolayer that
causes a change in the conjugate refractive index.51,52

Surprisingly, however, no shift in the extinction spectrum
was observed for the 60 nm AuNPs incubated with the NSA-

modified antibodies, and this result suggested that the NSA-
modified antibody did not adsorb onto the AuNP within the 1
h incubation period.
DLS analysis confirmed adsorption of unmodified and DSP-

modified antibody on AuNPs after 1 h of incubation and
purification, with mean hydrodynamic diameters of 75 ± 1 nm
and 97 ± 2 nm, respectively (Figure 3B). The increase in
hydrodynamic diameter from the adsorption of unmodified
antibody indicated a monolayer formed, based on the size an
IgG molecule and a measured hydrodynamic diameter of 62.3
± 0.2 nm for the unconjugated AuNP. The DSP-modified
antibody layer was slightly thicker than that of the unmodified
antibody and implied different protein orientation, greater
packing, or a bilayer of protein as a result of Ab-DSP
dimerization via disulfide-mediated cross-linking. Interestingly,
no significant change in AuNP size was detected for NSA-
modified antibody AuNP conjugates (63.5 ± 0.4 nm) for the 1
h incubation time, further confirming the lack of conjugation.
Zeta potential measurements corroborated the UV−vis

spectrophotometry and DLS size results. Unconjugated
AuNPs possessed a zeta potential of −43 ± 3 mV due to
the citrate adlayer formed during synthesis. Adsorption of the
unmodified Ab and Ab-DSP increased the zeta potential to
−32 ± 1 mV and −16 ± 1 mV, respectively, and these
increases in zeta potential confirmed surface modification of
the AuNP to form a bioconjugate. It was expected that the
conjugate formed with the unmodified Ab would lead to a
more positive zeta potential, considering the unmodified Ab
was more positively charged than the Ab-DSP. Thus, we
attributed this unanticipated result to greater loading of Ab-
DSP or greater displacement of the citrate capping agent by
the thiolated antibody. The zeta potential did not change for
the AuNP incubated with Ab-NSA for 1 h (−44 ± 1 mV)
relative to the unconjugated AuNP and confirmed that NSA
modification of the antibody inhibited adsorption onto the
AuNP.
To understand why there was no detectable adsorption of

NSA-modified antibodies onto AuNPs after 1 h of incubation,
we investigated the time evolution of the soft and hard
antibody corona formed around the AuNPs, where the soft
corona is composed of proteins that are loosely associated with
the AuNP and the hard corona refers to the proteins that are
strongly adsorbed onto the AuNP. Differentiation of the soft
and hard corona is facilitated by centrifugation which removes
the soft protein corona from the bioconjugate and leaves the
hard corona intact.53−56 Thus, AuNPs were incubated with Ab,
Ab-NSA, or Ab-DSP for 1−24 h, and the conjugate size was
measured via DLS before centrifugation to determine the
combined thickness of the hard and soft corona. The
conjugates were then centrifuged, the supernatant was
discarded to remove the soft protein corona, and the conjugate
size was evaluated to determine the thickness of the remaining
hard protein corona. A soft corona of antibodies was observed
within 1 h of incubation with AuNPs for the unmodified and
both chemically modified antibodies (Figure 4A−C). The
hydrodynamic diameter of the conjugate that included both
the soft and hard corona ranged 89−97 nm, 89−99 nm, and
91−108 nm at all time points for the conjugates formed with
Ab, Ab-NSA, and Ab-DSP, respectively, and no correlation was
found between incubation time and the corona layer thickness.
After centrifugation to remove the loosely bound proteins, a
hard corona with similar thickness for each incubation time
remained for conjugates formed from unmodified Ab and Ab-

Figure 3. Extinction spectra (A) and DLS size distributions (B) of
unconjugated AuNP and AuNP conjugates formed by incubation with
unmodified Ab, Ab-NSA, and Ab-DSP after 1 h.
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DSP (Figure 4A and C). Notably, the hard corona thickness
formed from the unmodified Ab is consistent with an IgG
monolayer, while a slightly thicker hard layer is formed by Ab-
DSP at each time point. In contrast, a hard corona was not
formed with Ab-NSA within the first 12 h, and the size of the
conjugate after centrifugation was equivalent to the size of
unconjugated AuNP (Figure 4B). Zeta potential of purified
conjugates confirms the rapid formation of hard antibody
corona for unmodified Ab and Ab-DSP, whereas the
adsorption of Ab-NSA slowly evolved over the 24 h incubation
period (Figure 5).

These results are supported by previous reports demonstrat-
ing that the long-range electrostatic attraction between
localized positive regions on the antibodies and the negatively
charged citrate-capped AuNP are responsible for the initial
protein−AuNP interaction and facilitate the rapid formation of
a soft corona.13,30,32,34,36,44,57 Furthermore, the data demon-
strated that the amount of positive surface charge remaining on
both chemically modified Abs is sufficient to facilitate an
electrostatic interaction for soft corona formation. Formation
of a hard corona required moderate- to high-affinity
interactions between the protein and AuNP, such as those
provided by a free thiol presented by cysteine residues or an
amine of a lysine residue.66−68,21 Computational analysis of a
fully characterized IgG2A (PDB ID 1IGT) similar to our
antibody revealed all cysteine residues to be engaged in

disulfide bonds; however, numerous solvent-accessible lysine
residues were identified that are likely responsible for the
strong interaction between the unmodified Ab and the AuNP
to rapidly form a hard corona.58−60 Likewise, the Ab-DSP
converted ∼10 amino functional groups to free thiols which
provided even greater affinity toward the AuNP to immediately
form a hard corona upon adsorption. However, lysine residues
were acrylated in the Ab-NSA to knock out high-affinity
moieties for the AuNP present on the surface of the protein
and replaced them with a low-affinity functional group. The
formation of a hard corona by the Ab-NSA was only observed
after 24 h of incubation. It has been previously reported that
proteins undergo conformational changes and rearrangement
upon interaction with AuNPs to maximize the binding
affinity;31,40,61,62 thus, it is likely that with extended incubation
times, the Ab-NSA partially unfolded to expose lysine residues
or disulfide bonds that cleaved in the presence of AuNP to
form a hard corona.

Activity of Conjugates at Physiological pH (pH = 7.5).
Antibody loading and orientation are critical to the antigen-
binding capacity which directly affects the analytical perform-
ance of the bioconjugate in downstream applications.29,63−68

Modulation of protein surface charge through chemical
modifications36,44 or pH13,35 has been previously shown to
impact both the loading density and orientation of protein
upon adsorption onto AuNPs. Thus, we measured the
antibody loading and antigen-binding capacity of bioconju-
gates formed with unmodified, NSA-modified, and DSP-
modified anti-HRP antibody. To this end, antibody−AuNP
conjugates were formed by allowing 24 h for the adsorption of
unmodified Ab, Ab-NSA, or Ab-DSP at pH 7.5 to ensure
formation of the hard corona. After centrifugation to remove
excess antibody from the formed conjugates, the AuNP core
was dissolved with KCN and the released antibody was
quantified using the inherent fluorescence of the protein.69

Figure 6A shows that 275 ± 45, 137 ± 4, and 301 ± 14
antibodies were adsorbed on each AuNP for conjugates
formed with unmodified Ab, Ab-NSA, and Ab-DSP,
respectively. The theoretical limit for antibody loading based
on the physical size of an IgG molecules and the surface area of
a 60 nm nanoparticle is ∼100−300 Ab/AuNP, depending on
the orientation of the immobilized antibody.35 Based on this
estimate and previous work, the data confirmed that a
monolayer of unmodified Ab and Ab-DSP was adsorbed
onto the AuNP; however, the lower surface density of the Ab-
NSA implied submonolayer formation, flat-on orientation of

Figure 4. Kinetics of the formation of soft and hard protein corona on AuNP monitored by DLS for conjugates formed with unmodified Ab (A),
Ab-NSA (B), and Ab-DSP (C). The dashed line represents the hydrodynamic diameter of the unconjugated AuNP (DH = 62.3 nm).

Figure 5. Kinetics of the hard corona formation monitored via zeta
potential.
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the antibody, or unfolding of the Ab-NSA upon adsorption
that increases its molecular footprint.
The maximum antigen binding capacity for the conjugates

formed with unmodified Ab and Ab-DSP measured 176 ± 4
and 113 ± 6 antigen/conjugate, respectively, using an enzyme-
mediated assay (Figure 6B).70 Interestingly, the Ab-NSA
conjugate did not bind antigen. Considering the antibody
loading and antigen-binding capacity of each conjugate, the
fraction of accessible and functional antigen-binding sites was
calculated (Figure 6C). The adsorption of unmodified Ab
resulted in 32% ± 5% of the Fab sites with proper orientation
and function, whereas the Ab-DSP resulted in 19% ± 6% of the
Fab sites with proper orientation and function. As demon-
strated in Figure 2, neither NSA nor DSP modification of
lysine hindered the antibody function when free in solution.
Antibody loading was decreased to confirm that the antigen-
binding activity was not influenced by steric hindrance, e.g.,
antibody overcrowding. The fraction of immobilized antibod-
ies that maintain antigen-binding activity is similar for
bioconjugates prepared with antibody loading at 50−100% of
maximum loading capacity (Figure S3). The sensitivity of our
protein assay prevented the quantitative analysis of bioconju-
gates with less than 50% antibody loading. Based on these
results, we concluded that the decrease in antigen binding
activity for the Ab-DSP was a result of unfavorable orientation.
This conclusion is supported by previous work establishing
that antibody charge governs orientation upon adsorption to
AuNP and more positively charged protein (such as the
unmodified Ab) confers an optimal orientation. We speculate
that the Ab-NSA did not possess enough surface-accessible,
high-affinity functional groups after acrylating the lysine
residues, and the protein must unfold to adsorb onto the
AuNP rendering it unable to bind antigen. This explanation is
consistent with an increased incubation time to form a hard
corona and reduced antibody loading on the Ab-NSA
conjugate because of the larger footprint of an unfolded
protein. Nevertheless, these results identify high-affinity
functional groups as a requisite criterion to form functional
protein−AuNP conjugates.
Impact of pH on Conjugate Formation and Activity.

We have previously demonstrated that pH governs protein
surface charge, thereby controlling the orientation of adsorbed
antibody. Thus, we investigated the formation of Ab-AuNP
conjugates formed with unmodified and DSP-modified anti-
body as a function of pH and the resulting antigen-binding

capacity. Bioconjugates formed with NSA-modified antibodies
were not explored, since they were found to be inactive upon
adsorption onto AuNPs. AuNP suspensions were adjusted to
pH 6.0, 6.5, or 7.5, and equivalent amounts of unmodified Ab
or Ab-DSP were added to each suspension to evaluate the
impact of pH on the interaction between the proteins and
AuNPs. The AuNP suspension remained red after the addition
of the unmodified Ab at pH 7.5; however, an immediate color
change from red to purple was observed at pH 6.0 and 6.5,
indicating protein-induced aggregation at the lower pHs.
Extinction spectra were collected to confirm the formation of
stable, monodisperse conjugates with unmodified Ab at pH 7.5
and the formation of large heterogeneous aggregates at pH 6.0
and 6.5 (Figure S4A). This pH-dependent aggregation was a
result of electrostatic bridging between AuNPs that was
mediated by the increased positive charge on the unmodified
Ab at lower pH solutions.44,45,71 In contrast, the AuNP
suspensions remained red in color after the addition of Ab-
DSP at each pH. Extinction spectra revealed equivalent red-
shifted bands at each pH, relative to unconjugated AuNP, that
signified monodisperse particles with an adsorbed protein layer
(Figure S4B).51,52 The DSP modification effectively reduced
the number of localized positive regions on the antibody to
mitigate electrostatic bridging and enabled the formation of
stable conjugates over a broader pH range.
Antibody loading and antigen binding capacity for the Ab-

DSP conjugates formed at pH 6.5 and 6.0 were quantified to
evaluate the impact of pH. It is worth noting that conjugates
prepared with unmodified antibody could not be analyzed at
pH 6.5 or 6.0 since they aggregated at pH < 7.5; however, it
was previously reported that antibody loading increases as the
solution pH decreases for solution pH ranging from 8.5 to 7.5.
At pH 6.5 and 6.0, the conjugates consisted of 496 ± 7 and
488 ± 20 Ab-DSP molecules per AuNP, respectively,
compared to 301 ± 14 Ab-DSP/AuNP and 275 ± 45 Ab/
AuNP at pH 7.5 (Figure 6A). The maximum antigen binding
capacity was 329 ± 3 antigen/conjugate and 300 ± 3 antigen/
conjugate for conjugates prepared at pH 6.5 and 6.0,
respectively (Figure 6B). This represents an 87% and 70%
increase in antigen binding capacity compared to the 176 ± 9
antigen/conjugate captured by the unmodified Ab at pH 7.5.
However, when considering the increase in antibody loading at
these lower pHs, the fraction of active Ab-DSP adsorbed on
the AuNP was 34 ± 2% and 34 ± 4% at pH 6.5 and 6.0,
respectively, equivalent to the faction of active antibody for

Figure 6. Antibody loading (A), maximum antigen binding capacity (B), and fraction of functional antibody immobilized on the AuNP conjugate
(C) for conjugates formed with unmodified antibody at pH 7.5, NSA-modified antibody at pH 7.5, and DSP-modified antibody at pHs 7.5, 6.5, and
6.0. (ND = not detected).
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unmodified antibody at pH 7.5 (Figure 6C). Thus, we
concluded that the Ab-DSP did not confer an improved
orientation on the AuNP at lower pH compared to the
unmodified Ab at pH 7.5. More likely, the orientation of the
unmodified Ab at pH 7.5 and DSP-modified Ab at pH 6.5 and
6.0 are similar, because these conditions lead to similar surface
charges on the unmodified and DSP-modified antibodies since
the DSP modification converts the basic lysine to a neutral side
chain. Collectively, our results show that the antigen-binding
performance of conjugates can be enhanced by modifying
lysine residues to remove the positive charge, introducing a
high-affinity functional group, and adsorbing the protein onto
the AuNP at low pH; however, this improved performance is a
result of greater Ab loading rather than a more favorable
orientation.

■ CONCLUSIONS

We chemically modified surface-accessible lysine residues on
an IgG anti-HRP antibody to reduce the protein surface
charge, to block the protein amine groups that exhibit high
affinity toward AuNP surfaces, and to increase the number of
free thiols presented by the protein, and subsequently
investigated the impact of these protein features on protein−
AuNP interactions. Zeta potential measurements confirmed
successful modification of the protein, and a functional assay
using equilibrium dialysis established that the chemical
modifications did not alter the antigen-binding function of
the modified antibodies. DLS was used to measure the time-
dependent evolution of the hard and soft corona formed
around the AuNP. While each of the antibody variants quickly
formed a soft corona, a hard corona was only formed in less
than 24 h for proteins expressing high-affinity functional
groups, e.g., primary amines and thiols. Acrylated lysine
residues eliminated the high-affinity point of contact between
the protein and the AuNP; thus, hard corona formation
required unfolding of this protein to expose high-affinity
moieties previously buried and inaccessible in the folded
protein. Consequently, extended interaction times between
this protein and the AuNP were required to form the hard
corona and the adsorbed protein lost antigen binding function
as a result of unfolding. Given the diversity of proteins and
conflicting observations that have been reported regarding
protein unfolding/folding and loss/gain of protein function
upon adoption onto AuNPs, this work may provide valuable
insight into those previous works. Thus, we have identified a
strategy, chemical modification to introduce high-affinity
functional groups, that will enable conjugation of proteins to
nanoparticles without loss of function.
Thiolated lysine residues eliminated the positive charge yet

replaced the high-affinity primary amine with a thiol which
possesses even greater affinity for the AuNP surface. This
modification enabled adsorption over an expanded pH range
without suffering protein-induced AuNP aggregation. The
resulting conjugate formed at pH 6.5 with DSP-modified
antibody enhanced the antigen binding performance of the
conjugate by 86% relative to the conjugate prepared with
unmodified antibody that was limited to a minimum solution
pH of 7.5. Thus, these results provide a pathway to synthesize
highly active conjugates for enhanced analytical performance in
biosensing applications and highly stable conjugates for in vivo
applications in which nanoparticle aggregation is cause for
health-related concerns.

■ EXPERIMENTAL METHODS

Materials. Citrate-capped gold nanoparticles with a
nominal diameter of 60 nm (2.6 × 1010 AuNP/mL) were
purchased from Ted Pella Inc. (Redding, CA) and employed
in all studies. Mouse monoclonal anti-HRP IgG antibody
(Clone 2H11) was obtained from My BioSource. One-step
ABTS Substrate solution (2,2′-azinobis [3-ethylbenzothiazo-
line-6-sulfonic acid]-diammonium salt), horseradish peroxidase
(HRP), and dithiobissuccinimidyl propionate (DSP) were
purchased from Thermo Scientific (Rockford, IL). Phosphate
buffers were prepared using anhydrous potassium phosphate
dibasic and potassium phosphate monohydrate obtained from
Mallinckrodt Chemicals, Inc. (Paris, KY) and Fischer Scientific
(Fair Lawn, NJ), respectively. N-Succinimidyl acrylate (NSA)
and Amicon ultra centrifugation filters (MWCO 100 kDa)
were acquired from Sigma-Aldrich (St Louis, MO).

Chemical Modification and Characterization of Anti-
body. Anti-HRP antibody (Ab) was chemically modified using
NSA and DSP. NSA (2 μL at 50 mM) was added to 50 μg of
Ab. DSP was first reduced using TCEP resin according to the
manufacture’s protocol, and 2 μL of reduced DSP (50 mM)
was added to 50 μg of Ab. The chemical modifier antibody
solution reacted for 2 h at room temperature with gentle
shaking. Excess unreacted chemical modifiers were removed
with the use of an Amicon ultracentrifugation filter (MWCO
100 kDa). Glycerol was rinsed from the filter membrane with
the addition of 500 μL of 2 mM phosphate buffer (pH 7.5)
and centrifuged at 10 000 g for 5 min. The antibody chemical
modifier reaction mixture was diluted to 500 μL and
centrifuged at 14 000 g for 12 min. The filter was inverted
and centrifuged at 1000 g for 3 min to recover the modified
antibodies. The modified antibodies were quantified using a
NanoDrop 2000C spectrophotometer (Thermo Scientific,
Rockford, IL). Chemical modification was confirmed by
measuring the zeta potential of the antibody before and after
chemical modification using a Zetasizer Nano (Malvern
Instruments). Moreover, DSP-modified Ab was further
characterized by quantifying the addition of free thiols using
Ellman’s reagent and a previously reported procedure.49

Equilibrium dialysis and an HRP enzymatic assay were used
to evaluate the antigen binding function of chemically modified
antibodies. Fifty microliters of 1.0 μg/mL (6.7 nM) of
unmodified Ab, NSA-modified Ab, DSP-modified Ab, or a
mouse IgG isotype control was loaded into one chamber of the
equilibrium dialysis apparatus (DispoEquilibrium Dialyzer;
MWCO 100 kDa; Harvard Apparatus). The adjacent chamber
was filled with 50 μL of 0.45 μg/mL (10.2 nM) of HRP and
allowed to equilibrate for 3 h. After equilibration, 30 μL of
solution from the chamber originally filled with HRP was
withdrawn and mixed with 170 μL of 1-step ABTS solution.
The enzymatic reaction rate was measured and directly
correlated with the quantity of HRP remaining in the chamber.

Time-Dependent Formation of Soft and Hard Protein
Corona on AuNPs. One hundred microliters of 60 nm
AuNPs was pelleted by centrifuging at 5000 g for 5 min. The
pelleted AuNPs were resuspended in 100 μL of 2 mM
phosphate buffer at pH 7.5, unless stated otherwise. After pH
adjustment of the AuNP suspension, 3 μg of antibody
(chemically modified or unmodified) was added to the
AuNPs and incubated for 1, 3, 6, 12, and 24 h. The size and
zeta potential of the conjugates were measured in situ, i.e.,
without centrifugation to remove excess protein, to evaluate
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the formation of a soft protein corona at each time point. The
conjugates were then centrifuged at 5000 g for 5 min, and the
supernatant was discarded followed by resuspension of the
pelleted AuNP conjugates in buffer. The centrifugation/
resuspension cycle was carried out three times to ensure the
removal of any nonadsorbed antibody or antibody present in
the soft corona. The size and zeta potential of the purified
antibody−AuNPs conjugates were measured at each time
point to monitor the evolution of a hard protein corona.
Quantifying Antibody Immobilized onto AuNPs. A

native protein fluorescence assay was used to quantify the
number of proteins adsorbed onto AuNP.69 Antibody−AuNP
conjugates were purified to remove excess antibodies in
solution by centrifuging at 5000 g for 5 min, carefully pipetting
the clear supernatant from the pelleted conjugates, and
resuspending the pelleted antibody−AuNPs in buffer. Three
cycles of centrifugation/resuspension were carried out to
ensure the removal of any nonadsorbed antibody. After the
third centrifugation cycle, the supernatant was removed, and
10 μL of 100 mM potassium cyanide was added to the pelleted
antibody−AuNP conjugates to digest the AuNP core and
release antibodies into solution for protein quantification. The
AuNP digestion was allowed to proceed for 2 h at room
temperature, followed by the addition of 100 μL of 2 mM
phosphate buffer (pH 7.5). Standard solutions of unmodified
and chemically modified Ab (0−5 μg/mL) were prepared in a
digested AuNP solution containing the same concentration of
AuNP and KCN as in antibody−AuNP conjugates to match
the matrix of the samples and standards. Florescence spectra of
standards and conjugates were obtained using an excitation
wavelength of 280 nm and an emission range of 320−350 nm.
Florescence intensity in the range of 335−342 nm was
integrated and used for antibody quantification.
The amount of AuNPs to which antibody is adsorbed was

also determined using a PerkinElmer Optima 8300 inductively
coupled plasma-optical emission spectrometer (ICP-OES).
Fifty microliters of digested antibody−AuNP conjugates used
for the antibody florescence assay was diluted to 5 mL with 2%
nitric acid. Standard solutions of gold (0.1−1 mg/L) were
prepared in 2% nitric acid. The number of AuNPs was
calculated by dividing the mass of gold in the conjugate
samples extrapolated from ICP-OES calibration curve by the
mass of a 60 nm AuNP (2.18 × 10−15 g).

Quantifying Antigen Binding Sites on Conjugates.
The antigen binding activity of antibodies adsorbed onto
AuNPs was determined by a previously described HRP
enzymatic assay.70 Briefly, 100 μL of purified antibody−
AuNP conjugate was incubated with 3 μg of HRP for 1 h to
saturate all available and functional binding sites presented by
the conjugates. Excess unbound HRP was removed by three
centrifuge/wash cycles at 5000 g for 5 min. Standard solutions
of HRP (0.1−0.7 μg/mL) were prepared to generate a
calibration curve and used to quantify the amount of HRP
captured by conjugates. A 10 μL aliquot of standards and
conjugates was mixed with 1-step ABTS solution, and the
enzymatic rate was determined by measuring the absorbance of
the oxidized product at 415 nm for 20 min at 10 s intervals
using a Bio-Rad microplate plate reader. To correlate the
number of HRP molecules captured to the number of
antibodies per AuNP, the number of AuNPs present in the
100 μL antibody−AuNP conjugate suspension used for the
HRP assay was determined using ICP-OES as described above.

Instrumentation. Dynamic Light Scattering (DLS) and
Zeta Potential Measurement. Hydrodynamic diameter and
zeta potential of unmodified antibody, chemically modified
antibodies, and antibody−AuNP conjugates were measured
using a Zetasizer Nano ZSP (Malvern Instruments) equipped
with noninvasive back scatter optics. Antibodies were filtered
with a 0.02 μm filter prior to DLS analysis. A folded capillary
cuvette was filled with filtered buffer, and a 20 μL aliquot of
antibodies or conjugates was carefully introduced to the
bottom of the cuvette using the diffusion barrier technique.
Hydrodynamic diameter and zeta potential were measured in
triplicate. Fifteen runs were averaged for each measurement. A
built-in Smoluchowksi method for aqueous media was adopted
for all DLS measurement, and the Z-average was reported as
the hydrodynamic diameter.

UV−vis Measurement. A Cary 1 Bio UV−vis dual-beam
spectrophotometer was used to obtain extinction spectra of
protein−AuNP conjugates. The spectra were collected over a
range of 350−900 at 0.5 nm increments with a spectral
bandwidth of 0.1 nm. HRP enzymatic assay absorbance was
collected using an iMark Bio-Rad high throughput microplate
reader. Enzyme kinetics were monitored at 415 nm for 20 min
at 10 s intervals.
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