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ABSTRACT: Gold nanoparticles (AuNPs) functionalized with proteins to impart & of N

desirable surface properties have been developed for many nanobiotechnology applications. + e T 7 : vo

A strong interaction between the protein and nanoparticle is critical to the formation of a . K= op
uNP  antibody of ¢

stable conjugate to realize the potential of these emerging technologies. In this work, we

examine the robustness of a protein layer adsorbed onto gold nanoparticles while under the
stress of a physiological environrnenF thaf could Potentially lead to protein exchange on t.he transfertin g~ o, of . B HSA
nanoparticle surface. The adsorption interaction of common blood plasma proteins } . &:ﬂ{
@p
E ]

(transferrin, human serum albumin, and fibrinogen) and anti-horseradish peroxidase
antibody onto AuNPs is investigated by nanoparticle tracking analysis. Our data show that
a monolayer of protein is formed at saturation for each protein, and the maximum size
increase for the conjugate, relative to the AuNP core, correlates with the protein size. The
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ﬁbrmogﬁg mﬂr

binding affinity of each protein to the AuNP is extracted from a best fit of the adsorption

isotherm to the Hill equation. The antibody displays the greatest affinity (Kj = 15.2 + 0.8 nM) that is ~20—6S times stronger
than the affinity of the other plasma proteins. Antibody—AuNP conjugates were prepared, purified, and suspended in solutions
of blood plasma proteins to evaluate the stability of the antibody layer. An enzyme-mediated assay confirms that the antibody—
AuNP interaction is irreversible, and the adsorbed antibody resists displacement by the plasma proteins. This work provides
insight into the capabilities and potential limitations of antibody—AuNP-enabled technologies in biological systems.

B INTRODUCTION

Synthesis of engineered nanoparticles with a well-controlled
surface chemistry is critical to the development of trans-
formative technologies for biomedical applications,'* includ-
ing imaging,”® drug delivery,” photothermal therapy,® and
diagnostic testing.” The interfacial chemistry of nanoparticles
can be tailored to provide application-specific needs such as
cellular uptake,'”"" low toxicity,'”"? stealth-like proper-
ties,'" """ and targeted binding.'® Despite the engineering
controls used to produce the nanoparticle surface chemistry, it
is well established that proteins readily adsorb onto nano-
particles upon introduction into a biological fluid to form a
protein corona.'”~** Consequently, the corona can modulate
the interfacial chemistry and alter the intended function-
ality.”™*° Thus, it is imperative to characterize the protein
corona and investigate the impact of the corona on the
nanoparticle as it relates to the downstream application.

A growing body of work has shown that the composition of
the protein corona depends on the nanoparticle surface
chemistry, curvature, and composition of the suspending
matrix.”* "> Several reports have found that the corona
composition is dynamic in which the corona is initially formed
with the most abundant matrix proteins yet evolves over time
to be dominated by the proteins with the greatest binding
affinity for the nanoparticle.””*” In contrast, other groups have
observed irreversible protein binding to nanoparticles.’*~**
These differences in adsorption dynamics can be attributed to
the complexity of the protein—nanoparticle interaction that
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lead to system-dependent outcomes. Ultimately, these works
highlight the need to study each nanoparticle and protein
system independently.

To improve the stability of the engineered protein layer on
nanoparticles, chemical linkers are often utilized to covalently
attach proteins. One commonly employed approach is to use
activated ester-functionalized nanoparticles to covalently bond
proteins through the amine moiety of the lysine residue.**~>"
While this strategy is appropriate for coupling proteins to many
types of nanoparticles, it may not be necessary for coupling to
gold nanoparticles. Several groups have observed similar
coupling of proteins to gold nanoparticles prepared via
spontaneous adsorption and NHS/EDC coupling chemis-
try.””~*" A recent work probing the adsorption of immuno-
globulin G, bovine serum albumin, site-directed cysteine
mutants of pyrophosphatase, and GB3 mutants with varying
numbers of cysteine residues suggests that proteins chemisorb
to gold nanoparticles through the formation of Au—S bond
between cysteine and the gold nanoparticle.”**>**~*
Evidence for the strong interaction between cysteine-
containing proteins and gold nanoparticles includes resistance
of the protein adlayer to displacement by small organo-
thiols.”™*’ In this work, we aim to evaluate the susceptibility of
antibody adsorbed onto gold nanoparticles to displacement by
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blood plasma proteins when suspended in a physiological
matrix.

Our group, as well as others, has recently developed several
AuNP-enabled immunoassays that rely on antibody—AuNP
conjugates to selectively bind targeted antigens for detec-
tion.""*7>! These assays mix conjugates with blood serum or
allantoic fluid and allow ~60 min for antigens to bind and
cross-link the conjugates. The aggregates can be directly
detected via dynamic light scattering (DLS) or captured on
size-selective membrane for surface-enhanced Raman spec-
troscopy analysis. Success of these AuNP-enabled platforms
hinges on the robust antibody coating. Consequently,
displacement of the antibody on the AuNP by matrix proteins
or further protein adsorption to form multilayers has the
potential inhibit antigen-mediated aggregation of the con-
jugates. In this work, we preadsorb antibody onto AuNPs,
purify the conjugate, then assess displacement by the most
abundant plasma proteins, for example, human serum albumin
(HSA), transferrin, and fibrinogen, and whole serum. This
study to kinetically monitor the disruption of the antibody—
AuNP interaction by plasma proteins defines the capabilities
and potential limitations to downstream biomedical applica-
tions.

B EXPERIMENTAL SECTION

Reagents. All studies were conducted using citrate-capped,
spherical gold nanoparticles (AuNPs) purchased from Ted Pella
Inc. (Redding, CA) with a nominal diameter of 60 nm. The
hydrodynamic diameter of the AuNPs measured was 62.1 + 0.6 nm
via nanoparticle tracking analysis with a zeta potential of —43 + 1 mV.
Mouse anti-HRP IgG monoclonal antibody (clone 2H11, 5.3 mg/
mL) was obtained from BioSource. Goat antimouse IgG polyclonal
antibody (1.1 mg/mL) was obtained from Abcam. The blood plasma
proteins, human serum albumin (HSA), fibrinogen, and transferrin
were all obtained from Sigma-Aldrich (St. Louis, MO). Normal
human serum, horseradish peroxidase (HRP), and 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid (1-Step ABTS) were purchased
from Thermo Scientific (Rockford, IL). Potassium phosphate
monohydrate was acquired from Fisher Scientific (Fair Lawn, NJ),
and anhydrous potassium phosphate dibasic was purchased from
Mallinckrodt Chemicals, Inc. (Paris, KY). To achieve the correct pH,
NaOH and HCI were added to phosphate buffer. A Barnstead water
purification system (Thermo Scientific, Rockford, IL) provided
nanopure deionized water (18 MQ) and was used to prepare all
aqueous solutions.

Protein Adsorption Isotherm. AuNPs (60 nm, 100 uL) were
added into a low binding microcentrifuge tube, and 4 uL of S0 mM
phosphate buffer (pH 7.5) was added to adjust the pH. Varying
concentrations (final protein concentrations) of mouse anti-HRP
antibody (0—310 nM), HSA (0—50,000 nM), fibrinogen (0—10,000
nM), and transferrin (0—5,000 nM) were added to the AuNP
suspensions. All protein—AuNP conjugate suspensions were left to
incubate for 1 h at room temperature. After incubation with protein,
10 uL of the functionalized AuNPs was diluted in 990 uL of 2 mM
phosphate buffer (pH 7.5) and analyzed using nanoparticle tracking
analysis (NTA) to measure the hydrodynamic diameter of the
conjugates. This process was repeated for each blood plasma protein
and concentration.

Quantifying Antibody Displacement by Blood Plasma
Proteins. Preparation of Protein—AuNP Conjugates. AuNPs (60
nm, 100 L), 4 uL of SO mM phosphate buffer (pH 7.5), and 4 ug of
anti-HRP antibody were mixed and incubated for 1 h at room
temperature in a low binding microcentrifuge tube. Goat antimouse—
AuNP conjugates were prepared similarly and served as a negative
control to evaluate the nonspecific interaction of HRP with AuNP
conjugates. Then, the antibody—AuNP conjugates were centrifuged at
5000 g for S min, the supernatant was removed, and the pellet was

resuspended with 2 mM phosphate buffer. To ensure removal of
excess antibody, this wash process was repeated three additional
times. After the final centrifugation, supernatant was removed and
replaced with a blood plasma protein at a concentration equal to 10%
of the physiological concentration found in normal blood, for
example, 60 uM HSA, 1 puM fibrinogen, and 3 M transferrin, or
10% human serum. Different incubation periods (1—24 h) were used
to investigate the displacement of antibody from the antibody—AuNP
conjugates by blood plasma proteins.

Quantitation of Anti-HRP Antibody Adsorbed onto AuNP by
HRP Enzymatic Reaction. HRP (1 mg/mL, 3 uL) was added to the
anti-HRP—AuNP or anti-mouse IgG—AuNP conjugates mixed with
blood plasma protein and incubated for 1 h. This allows for complete
saturation of all accessible antigen binding sites of the antibodies.
Then, the samples were centrifuged at 5000 g for the HSA, fibrinogen,
and transferrin sample and at 17,000 g for the serum sample. A greater
centrifugation rate was required to pellet the conjugate in the serum
sample, presumably due to greater viscosity of serum. The supernatant
was removed, and the pellet was resuspended in 2 mM phosphate
buffer. The washes were repeated three additional times to remove
any excess HRP or desorbed antibodies in solution. In a 96-well plate,
three 10 pL aliquots of each conjugate were placed and mixed with
150 pL of 1-Step ABTS. The kinetics of the enzymatic reaction
between HRP and ABTS was monitored by the absorption of the
green colored product, oxidized ABTS, at 415 nm for 20 min at 10 s
intervals to determine the enzymatic reaction rate. The enzymatic
reaction rate was normalized for differences in AuNP concentrations.

Reversibility of Antibody—AuNP Adsorption. AuNPs (60 nm,
100 uL), 4 uL of 50 mM phosphate buffer (pH 7.5), and anti-HRP
antibody at a final concentration of 120 nM were mixed and
incubated for 1 h at room temperature in a low binding
microcentrifuge tube. This concentration of antibody was sufficient
to saturate the AuNP with a monolayer of antibody. After incubation
with protein, 10 yL of the functionalized AuNPs was diluted in 1.5
mL of 2 mM phosphate buffer (pH 7.5) (1:150 dilution; 0.8 nM
antibody) and immediately analyzed using nanoparticle tracking
analysis (NTA) to measure the hydrodynamic diameter. The diluted
sample was retained for analysis at various time points (t=1h, 6 h, 2
days, 3 days, 4 days, and 7 days).

Instrumentation. Nanoparticle Tracking Analysis (NTA). A
NanoSight LM10 NTA system equipped with an LM14 532 nm laser
module and a high sensitivity sSCMOS camera was used to measure
hydrodynamic diameters of the protein—AuNP conjugates. A syringe
pump was interfaced with the sample cell, and the sample was
analyzed under a constant flow rate of 1S xL/min to improve
sampling. Five 60 s videos, using camera level 9, were collected for
each sample and analyzed with the detention threshold set to level 5.
These instrumental parameters facilitated the discrete analysis of
approximately 10,000 functionalized AuNPs to calculate the mean,
mode, and standard deviation of the hydrodynamic diameter for each
sample.

UV-Visible Spectrophotometer. Absorbance of the HRP-ABTS
enzymatic reaction to obtain the reaction rate was collected using a
Bio-Rad iMark Microplate reader set to readout the absorbance at 415
nm at 10 s intervals for 20 min. Spectra of the AuNP conjugates were
collected at 0.5 nm intervals over a wavelength range of 400—900 nm
using a Cary 1 Bio UV—visible dual-bean spectrophotometer.

B RESULTS AND DISCUSSION

Analysis of Protein Adsorption onto Gold Nano-
particles. While there are inconsistencies in studies regarding
the formation of a protein corona around a nanoparticle, one
commonly observed phenomenon follows the Vroman effect in
which small abundant proteins form the initial corona upon
introduction of a nanoparticle into a biological fluid, such as
blood plasma.52 However, these small proteins are sub-
sequently replaced over time by the proteins with the greatest
affinity for the nanoparticle surface, as expected of equilibrium
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Figure 1. NTA histograms for the size distribution of conjugates formed from the adsorption of proteins as a function of protein concentration: (A)

anti-HRP IgG, (B) transferrin, (C) HSA, and (D) fibrinogen.
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Figure 2. Adsorption of protein onto 60 nm AuNPs as a function of protein concentration. Plots of the mode hydrodynamic diameter of the
conjugate as a function of protein concentration. (A) Full range and (B) low concentration range of protein concentrations. The solid curves

represent the best fit to the Hill equation (eq 1).

%33 The objective of this work is to determine the

dynamics.
resiliency of antibody—gold nanoparticle conjugates for use in
diagnostic assays; thus, it is necessary to begin by measuring
the binding affinity of common blood plasma proteins and an
IgG antibody. We hypothesized that any plasma protein
exhibiting a greater binding affinity to AuNP than the antibody
could potentially displace the antibody on the AuNP surface,

following the Vroman effect, and ultimately diminish the
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function of these conjugates in an application, for example,
diagnostics, imaging, or targeted drug delivery.

Binding parameters of the most abundant plasma proteins,
transferrin, fibrinogen, and human serum albumin (HSA), and
an antibody (anti-HRP) are quantitatively assessed using
nanoparticle tracking analysis (NTA). NTA provides a
measure of the nanoparticle hydrodynamic diameter with
subnanometer resolution by tracking the Brownian motion of

DOI: 10.1021/acs.langmuir.9b01900
Langmuir 2019, 35, 10601—10609


http://dx.doi.org/10.1021/acs.langmuir.9b01900

Langmuir

individual nanoparticles. Particle-by-particle analysis provides
equal weight to each analyzed nanoparticle, eliminating the
bias toward larger particles that is commonly observed with
ensemble averaging techniques such as dynamic light scattering
(DLS).**™% NTA readily detects protein adsorption onto gold
nanoparticles as an increase in the hydrodynamic diameter, as
previously established bzr_ our group, to elucidate protein
adsorption parameters.“’ >

The adsorption behavior of IgG, transferrin, HSA, and
fibrinogen are determined by adding increasing concentration
of each plasma protein to a suspension of AuNPs and
measuring the hydrodynamic diameter of the AuNP conjugate.
The histograms of size distributions as a function of protein
concentration are presented in Figure 1. The hydrodynamic
diameter of the population initially shifts to larger sizes with
increasing protein concentration, until the protein saturates the
AuNP surface at monolayer coverage. Figure 1 shows a highly
monodisperse population of conjugates with few, if any,
detectable aggregates. Occasionally, an aggregate flows into the
field of view to result in a small but detectable increase in the
population mean hydrodynamic diameter, effectively reducing
the precision of repeat measurements. The mode, however, is
unaffected by the observation and analysis of these random
aggregates; thus, the conjugate size is reported as the
population mode.

Adsorption isotherms are generated for IgG, transferrin,
HSA, and fibrinogen to quantitatively define the adsorption
behavior of each plasma protein. The hydrodynamic diameter
(mode) measured by NTA is plotted as a function of protein

concentration and best fit to the Hill equation®*"**
ADy ,....[antibody]"
Dy = DH,initiaI + n bodv]”
K;" + [antibody] (1)

where Dy is the hydrodynamic diameter, ADy,,, is the
maximum increase in hydrodynamic diameter resulting from a
protein monolayer, # relates to the binding cooperativity, for
example, Hill coefficient, and Kj is the dissociation constant for
protein—AuNP adsorption (Figure 2). The adsorption
interaction between proteins and nanoparticles is often
accurately described by the Hill- modified—Langmuir equation.
This adsorption model assumes that equilibrium conditions
and protein adsorption are limited to monolayer cover-
age.2 »573% The thickness of the protein layer (ADy 1), the
strength of the protein—AuNP interaction (K;), and an
estimate of binding cooperativity (1) are parameters that can
be derived from the best fit of the experimental data to the Hill
equation and used to quantitatively compare binding behavior
among different proteins.

Table 1 summarizes the characteristic binding parameters
extracted from the adsorption isotherms presented in Figure 2.
Each protein saturates at monolayer coverage; however, the

Table 1. Adsorption Parameters Determined from Best Fit
of NTA Adsorption Isotherm to Hill-Langmuir Model”

protein ADy o (nm) K; (nM) n
anti-HRP IgG 103 + 0.3 152 + 0.8 2.0+ 02
fibrinogen 29.5 + 2.8 321 £ 98 0.8 +£0.2
HSA 6.1 +0.8 1008 + 237 1.8 + 0.7
transferrin 8.1+ 0.8 641 + 126 1.1 + 02

“Values represent the average and standard deviation for the analysis
of three adsorption datasets for each protein.

thickness of the protein monolayer is protein-dependent. At
monolayer coverage, the ADy ., measures 6.1 + 0.8, 8.1 +
0.8, 10.3 = 0.3, and 29.5 + 2.8 nm for HSA (66 kDa),
transferrin (78 kDa), IgG (150 kDa), and fibrinogen (340
kDa), respectively (Table 1). The grotein layer thickness is
dependent on protein orientation,**” which is not controlled
in this experiment. Nonetheless, these values are consistent
with previously reported ADy ., values for these proteins.”>*®
In general, the thickness of the protein layer correlates with
protein size, as anticipated.

The adsorption affinity of each protein for the AuNP is also
obtained from the analysis of the adsorption isotherm data
with the Hill equation. The adsorption affinity is protein-
specific and widely varies. Anti-HRP IgG exhibits the greatest
affinity for the AuNP with an observed Ky value of 15.2 + 0.8
nM (Table 1). This value constitutes a strong interaction
between the antibody and AuNP and is consistent with Ky
values reported in the literature for IgG—AuNP.”' HSA
displays the weakest affinity for AuNP among the proteins in
this work, with a measured K; value of 1008 + 237 nM.
Previous works have also measured a weaker interaction
between HSA and AuNP than IgG, with a typical K4 value of
~1 uM.”” Fibrinogen and transferrin show intermediate
affinities, with Kj values of 321 + 98 and 641 + 126 nM,
respectively. The isoelectric point and number of cysteine
residues for each protein are provided in Table S1 to identify
any correlation between binding affinity and these protein
characteristics. While it may be reasonable to anticipate an
increase in protein affinity with an increase in cysteine residues,
no trend was observed. The cysteines are often involved in
disulfide bonding; thus, the total cysteine count does not
reflect the number of accessible free sulfhydryl groups
responsible for chemisorption to AuNPs. There is a general
increase in binding affinity as the protein pI approaches the
solution pH of 7.5. However, protein adsorption is a
multifaceted process, and pl is not solely responsible for
protein binding affinity. Engineered protein mutants with
similar pIs exhibited different binding behaviors to AuNPs’"**
and a single protein displayed equivalent binding affinity to
AuNP under different pH conditions;** thus, electrostatic
interactions, for example, pl, is only one parameter impacting
protein binding affinity.

Hill coefficients for each protein adsorption are provided in
Table 1. Cooperative binding is observed for IgG, HSA, and
transferrin, while anticooperative binding is found for
fibrinogen. Given the complexity of the adsorption mechanism
and large size of the proteins with several localized regions of
positive and negative charges, a detailed interpretation of the
Hill coefficient to attribute cooperative or anticooperative
behavior to specific interactions is not possible. However,
under the experimental conditions, each protein is negatively
charged, and adsorption of the protein to the AuNP increases
the conjugate zeta potential. We can speculate that this
reduction in AuNP charge may be responsible for the
cooperative binding found for IgG, HSA, and transferrin.
Steric effects resulting from submonolayer formation of
fibrinogen may lead to anticooperative binding of subsequent
fibrinogen molecules. Alternatively, it is possible that the
outward-facing localized regions of charge on the adsorbed
proteins influence the attraction/repulsion of subsequent
molecules during adsorption.

Competition of Plasma Proteins with Antibody
Adsorbed onto Gold Nanoparticles. Typically, the
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Figure 3. Illustration depicting the enzymatic assay used to quantify protein exchange and displacement of anti-HRP adsorbed onto AuNP by
plasma proteins. Purified anti-HRP conjugates are incubated with plasma proteins for a defined period of time to allow protein exchange on the
AuNP surface. HRP is added to the suspension to saturate all antibody binding sites. Excess HRP and unbound proteins are separated from the
conjugates, and ABTS is added to the conjugates. The enzymatic reaction rate at which HRP catalyzes the oxidation of ABTS quantitatively

correlates to the number of HRP molecules captured by the conjugates.
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conjugates. (A) Solid lines represent anti-HRP—AuNP conjugates, and dashed lines represent goat anti-mouse IgG—AuNP conjugates. (B)
Normalized reaction rates for HRP captured by conjugates after allowing for potential protein exchange.

composition of the protein corona is studied by competitive
binding of a protein mixture to a surface. Under this condition
and assuming the Vroman model accurately describes the
adsorption of antibodies and plasma proteins, it is reasonable
to expect that the corona is primarily dominated by the
antibody because IgG possesses the greatest affinity for the
AuNP. However, applications involving antibody—AuNP
conjugates requires separation of the free IgG from the
conjugate. After purification of the conjugate, the system is no
longer at equilibrium, and antibody is expected to sponta-
neously desorb to re-establish equilibrium. Moreover, the high
concentration of plasma proteins in the sample matrix will have
a greater propensity to compete for binding sites and displace
the antibody. Thus, we systematically investigated the potential
displacement of antibody from antibody—AuNP conjugates by
transferrin, fibrinogen, and HSA, where the antibody was
preadsorbed onto the AuNP and the conjugate was separated
from the excess free antibody prior to incubation with the
plasma proteins.

An enzyme-mediated assay previously employed by our
laboratory is slightly modified to quantify the displacement of
antibody from the AuNP surface by the plasma proteins
(Figure 3).**°" Gold nanoparticles are first incubated with
excess anti-HRP antibody to fully saturate the AuNP surface.
Excess antibody is then separated from the antibody—AuNP
conjugates via multiple centrifugation cycles. Plasma protein is
then added to the purified conjugate and incubated to allow for
potential protein exchange. Excess HRP is added to the
suspension to saturate all antibody binding sites, including the
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free displaced antibody in solution and antibody remaining
adsorbed onto the AuNP. The conjugate is then separated
from unbound HRP and unbound proteins via centrifugation,
and the relative number of HRP molecules captured by the
conjugate are quantified by the enzymatic reaction rate of HRP
with ABTS. Displacement of the antibody layer by plasma
proteins is quantified by a decrease in the enzymatic reaction
rate as the conjugates capture fewer HRP molecules. The
composition of the protein corona is more commonly
determined by chromatography, gel electrophoresis, or mass
spectrometry;w’27 however, these methods cannot differentiate
other plasma IgG molecules that may displace the originally
adsorbed antibody. The enzymatic assay used here overcomes
this limitation and can easily detect the displacement of the
antibody from the AuNP surface, even if replaced by another
IgG protein.

Our previously optimized protocol for AuNP-enabled
immunoassays required 1 h incubation of antibody—AuNP
conjugates with a 10-fold dilution of the sample.*"*>**** An
loss of antibody from the AuNP surface will result in
diminished analytical performance; thus, it is imperative that
the antibody—AuNP conjugates resist degradation, for
example, protein exchange, for a minimum of 1 h when
suspended in a biological matrix. Guided by these assay
parameters, we began by systematically evaluating the ability of
individual plasma proteins to displace antibody after 1 h of
exposure at 10% of the physiological concentration found in
normal blood plasma. Figure 4A shows the enzyme kinetics for
HRP captured by the antibody—AuNP conjugates after 1 h
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diameter of the diluted conjugates as a function of time.

incubation in a solution of the matrix proteins. As a positive
control, the conjugate is incubated in buffer without a
competing protein and served as a theoretical maximum rate
to which all other rates could be normalized. The data in
Figure 4 clearly show no detectable decrease in the reaction
rate due to incubation with the individual plasma proteins and
suggest that the antibody—AuNP interaction resists protein
exchange within the first hour. The conjugates are also mixed
with 10% whole human serum for 1 h to evaluate the
combined impact of fibrinogen, transferrin, HSA, and all other
minor constituents of serum. Interestingly, the reaction rate
increases for the HRP-captured conjugates in the serum. This
would suggest that serum enhances the binding of HRP to the
antibody—AuNP conjugate rather than reducing the binding
because of antibody displacement. While not an anticipated
result, other groups have reported improved antibody—antigen
binding in a serum compared to buffer.”>~** This is likely due
to the presence of complimentary binding proteins or simply
better antibody folding and stability in its native environment,
for example, serum.®* The incubation time of the conjugates
with the plasma proteins is increased to determine the kinetics
of protein displacement, if the antibody is, in fact, displaced.
After a maximum incubation time of 24 h, there is no evidence
for antibody displacement by the individual plasma proteins,
while the serum matrix maintains a similar increase in the
enzymatic reaction rate relative to the buffer control regardless
of the incubation time (Figure 4B). Considering that the
opportunity for antibody displacement increases with
incubation time, and there is no evidence for antibody
displacement at any incubation time point, only the longest
incubation time (24 h) was performed in replicate experiments
(N =4 or$5). A t-test analysis was performed to compare the
enzymatic reaction rates for the 24 h incubation data presented
in Figure 4B, and no statistical difference is observed between
the experimental samples (HSA, fibrinogen, transferrin, and
serum) and the positive control (buffer).

It is possible that protein exchange does take place and HRP
nonspecifically adsorbs to one of the plasma proteins or that
HRP itself displaces the antibody and directly adsorbs onto the
AuNP. Either of these cases would lead to an appreciable
enzymatic reaction rate and inaccurate conclusion related to
the stability of the adsorbed anti-HRP antibody. To evaluate
nonspecific binding and potential exchange by HRP, goat anti-
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mouse IgG—AuNP conjugates are prepared as a negative
control. These anti-mIgG—AuNP conjugates do not specifi-
cally bind HRP; thus, oxidation of ABTS is unexpected for this
negative control, and any appreciable reaction rate for the
oxidation of ABTS would be attributed to nonspecific binding
of HRP to the AuNP conjugate. These anti-mIgG—AuNP
conjugates are incubated in buffer, with each plasma protein,
and 10% serum for 24 h to allow for maximum nonspecific
binding. Figure 4A,B shows a negligible enzymatic reaction rate
and confirms that HRP is binding only to the anti-HRP
antibody immobilized on the conjugate. Collectively, these
data establish that the antibody—AuNP conjugate is stable for
a minimum of 24 h, maintains binding function, and is suitable
for applications that are complete in 24 h or less. Moreover,
these results indicate that the antibody irreversibly adsorbs
onto AuNDPs.

Reversibility of Antibody—Gold Nanoparticle Inter-
action. Results from the protein competition study in the
previous section suggest that the antibody irreversibly adsorbs
onto the AuNP. To evaluate the reversibility of the antibody—
AuNP interaction, AuNPs are mixed with 120 nM antibody for
1 h. This concentration of antibody is sufficient to form a full
monolayer on the AuNP surface. The antibody—AuNP mixture
is diluted 150-fold to reduce the antibody concentration to 0.8
nM, well below the requisite concentration to saturate the
AuNP surface. The hydrodynamic diameter of the diluted
antibody—AuNP suspension is monitored over a period of 7
days (Figure S). The size of the conjugate is expected to
decrease if the antibody desorbs from the AuNP surface to re-
establish equilibrium, whereas the conjugate size will remain
stable if the interaction is irreversible.”””” A few aggregates are
formed over the 7 day period, as evident in Figure SA;
however, the mode hydrodynamic diameter does not
significantly vary after 7 days (Figure SA,B). Thus, we
conclude the antibody—AuNP interaction is irreversible.

The reversibility of protein—nanoparticle adsorption has
been shown to vary with the identity of the protein and the
nanoparticle.'”>?°%°%% Several examples have been reported
on the dissociation of proteins from the surface of nano-
particles; it is reported that HSA readily disassociates from
quantum dots and several plasma proteins have been found to
desorb from polymeric particles. However, our system involves
gold nanoparticles and likely benefits from the strong

DOI: 10.1021/acs.langmuir.9b01900
Langmuir 2019, 35, 10601—10609


http://dx.doi.org/10.1021/acs.langmuir.9b01900

Langmuir

chemisorption of cysteine residues to the AuNP to irreversibly
adsorb. One study recently demonstrated that BSA remains
adsorbed onto AuNPs in BSA-free solution for 24 h, and
another study found that cysteine-containing proteins irrever-
sibly adsorb onto gold nanoparticles and resist displacement by
small organothiols and other thiolated amino acids.’”*"** Our
data presented here, in addition to these other recent
publications, suggest that the antibody is covalently adsorbed
onto the AuNP, contradicting the commonly stated belief that
protein adsorption arises from hydrophilic, electrostatic, and
other noncovalent interactions.**”"*'~*

B CONCLUSIONS

Here, we find that antibody irreversibly adsorbs onto gold
nanoparticles to form robust conjugates. Nanoparticle tracking
analysis is used to quantitatively measure the binding affinity of
the most abundant plasma proteins to citrate-capped gold
nanoparticles, and we find that IgG proteins exhibit the
greatest affinity. To evaluate the stability of the AuNP—Ab
interaction, purified AuNP—Ab conjugates are mixed with
physiological concentrations of plasma proteins, thereby
disrupting equilibrium conditions. Interestingly, no displace-
ment of the antibody form the AuNP surface is observed. A
subsequent study found that antibody desorption from the
AuNP surface is not detectable within 7 days of forming and
purifying the conjugate. These data suggest that covalent
coupling of antibody to AuNPs with cross-linking reagents is
not necessary. Many current practices for nanoparticle
modification capitalize on activated esters to covalently link
lysine residues on proteins to nanoparticles. This approach is
effective, if not required, to form a robust protein layer on
polymeric nanoparticles, quantum dots, or other non-gold
particles; however, surface functionalization of gold nano-
particles with proteins that display surface accessible cysteine
residues may not require the use of covalent coupling agents.
Further study is necessary to isolate the point of interaction
between the adsorbed proteins and AuNPs. Our studies also
demonstrate that the interaction between the antibody and
AuNP is irreversible on the timescale of the experiments; thus,
fitting the adsorption isotherms to the Hill equation, which
assumes equilibrium conditions, may not be strictly valid and
only provides a qualitative comparison of relative adsorption
affinities among the proteins.30 Nevertheless, this work
establishes the irreversible and robust nature of the anti-
body—AuNP interaction that allows for biomedical applica-
tions of AuNP—ADb conjugates in blood plasma for protocols
requiring less than 24 h without concern for diminished
performance.
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