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ABSTRACT: The effect of serum on electrochemical detection of bioassays having silver
nanoparticle (AgNP) detection labels was investigated. Both a model assay and an antigen-
specific sandwich bioassay for the heart failure marker NT-proBNP were examined. In
both cases, the AgNP labels were conjugated to a detection antibody. Electrochemical
detection was carried out using a galvanic exchange/anodic stripping voltammetry method
in which Au3+ exchanges with AgNP labels. The assays were carried out using a paper-
based electrode platform. The bioassays were exposed to different serum conditions prior
to and during detection. There are three important outcomes reported in this article. First,
both the model- and antigen-specific assays could be formed in undiluted serum with no
detectable interferences from the serum components. Second, to achieve the maximum possible electrochemical signal, the highest
percentage of serum that can remain in an assay buffer during electrochemical detection is 0.25% when no washing is performed.
The assay results are rendered inaccurate when 0.50% or more of serum is present. Third, the factors inhibiting galvanic exchange in
serum probably relate to surface adsorption of biomolecules onto the AgNP labels, chelation of Au3+ by serum components, or both.
The results reported here provide general guidance for using metal NP labels for electrochemical assays in biofluids.

KEYWORDS: serum, silver nanoparticles, metalloimmunoassay, electrochemical label, galvanic exchange, anodic stripping voltammetry

There are three key steps to executing a typical bioassay:
capture of the analyte of interest, removal (washing) of

excess reagents, and detection. At each of these steps, the
detection medium can either play an advantageous1,2 or a
detrimental3 role. In the present study, we evaluated the effect
of serum on a previously reported method for detecting silver
nanoparticle (AgNP) labels that combines galvanic exchange
(GE) and anodic stripping voltammetry (ASV). Scheme 1
illustrates the GE/ASV method. In the first step (Scheme 1a),
Au predeposited onto the working electrode (WE) is oxidized
and then the resulting electrogenerated Au3+ oxidizes AgNPs in
the vicinity of the electrode surface. During the second step
(Scheme 1b), the resulting Ag+ is concentrated onto the
electrode surface by electrodeposition and then detected by
ASV. Though we examined the effect of serum on this GE/
ASV detection method, the results are generally applicable to
many different types of electrochemical bioassays.
Electrochemical biosensors are powerful tools used to

monitor medical conditions at home,4,5 in clinics,6−8 and in
hospitals.9,10 Human biomarkers for point-of-care and point-
of-need sensors are found in matrixes including sweat,11,12

saliva,13−15 and whole blood16,17 (among others).18 Serum is
another common matrix used for bioassays. It is the fluid and
solute component of whole blood that does not play a role in
clotting. It includes all proteins not used in clotting, all
electrolytes, antibodies (Abs), antigens, hormones, and
exogenous substances.19,20 Human serum albumin is the
most abundant protein in human blood plasma, and it
constitutes about 50% of the proteins in serum.19 Due to the
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Scheme 1. Illustration of the GE/ASV Detection Methoda

aElectrochemical procedures: in step 1, the potential of the WE is
stepped from 0 to 0.80 V for 12.0 s to electro-oxidize zerovalent Au
(present on the WE surface) to Au3+. This initiates GE (step 2). In
step 3, the WE potential is stepped from 0 to −0.70 V for 50 s to
electrodeposit the resulting Ag+ onto the WE as zerovalent Ag.
Finally, in step 4, ASV is used to oxidize Ag, present on the WE, by
sweeping the WE potential from −0.70 to 0.20 V at 50.0 mV/s. Prior
studies have shown that the electrochemical signal is maximized by
carrying out step 4 twice and using the charge under the second ASV
peak to determine the amount of AgNP labels present.
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relatively high abundance of albumin in serum, its electro-
chemistry has been studied. For example, both the oxidized
and reduced forms of bovine serum albumin (BSA) exhibit
reversible electron transfer when strongly adsorbed to a
hanging mercury drop electrode through the interaction of
exposed disulfide bonds with the mercury surface.3

Signal amplification is often a key component of bioassays.
Amplification is usually accomplished using enzyme labels; for
example, in enzyme-linked immunosorbent assays.21,22 Over
the past 20 years, however, there has been growing interest in
using metallic or semiconducting nanoparticles (NPs) for
signal amplification due to their generally higher stability,
lower cost, and faster read-out times.23,24 More specifically,
AgNPs and gold NPs (AuNPs) conjugated to recognition
elements, such as Abs,25−30 nucleic acids,31−33 or aptamers,34

are becoming increasingly common. To ensure the stability of
the metal label in complex media, many protocols include
surface-modification steps; for example, addition of thiolated
polyethylene glycol.35 Furthermore, although a relatively
complex matrix, serum can also work as an effective NP
stabilizing agent and a conductive medium for electrochemical
analysis.1,36−38 In fact, in 2009, Murawala et al. described a
simple and convenient one-step, room-temperature method for
the synthesis of BSA-capped AgNPs and AuNPs. The resulting
NPs were easily dispersible in water and could withstand
dynamic salt conditions, all of which are important character-
istics of NPs used in bioassays.38

A previous work from our group has shown that metal-
loimmunoassays can be formed in undiluted human serum,25

but that the GE/ASV detection process is inhibited. In the
present article, we aim to elucidate the factors leading to
inhibition. Specifically, we will show that (1) both a model and
an antigen-specific metalloimmunoassay can be formed in
serum; (2) systematic analysis of washing steps reveals the
maximum amount of serum that can remain during detection
to yield full recovery of the Ag signal; and (3) there are
differences in detectability when serum or filtered serum is
used. These findings should be of broad interest to those
interested in carrying out electrochemical bioassays on analytes
found in serum.

■ EXPERIMENTAL SECTION
Chemicals and Materials. NaCl, NaOH, HCl, KNO3, NaIO4,

Whatman grade 1 chromatography paper (180 μm thick, 20 cm × 20
cm sheets, linear flow rate of water = 0.43 cm/min), and siliconized
low-retention microcentrifuge tubes were purchased from Fisher
Scientific (Pittsburgh, PA). HAuCl4, AgNO3, phosphate-buffered
saline (PBS, pH = 7.4, P3813), superblock blocking buffer containing
PBS (SBB) (cat. no. 37515), polyoxyethylene (20) sorbitan
monolaurate (Tween-20), 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES), and BSA were purchased from Sigma Aldrich (St
Louis, MO). Unfiltered human serum (hereafter, just “serum”) was
purchased from Millipore-Sigma (Taunton, MA). In some cases, the
human serum was filtered using 10 kDa molecular weight cut-off spin
filters (also from Millipore-Sigma), and this is hereafter referred to as
“filtered serum”. The 5 kDa methoxy poly(ethyleneglycol)thiol
(mPEG-SH) was obtained from Nanocs (New York, NY).
Conductive carbon paste (Cl-2042) was purchased from

Engineered Conductive Materials (Delaware, OH). Streptavidin-
coated, 1.0 μm diameter magnetic beads (MμBs, Dynabeads, MyOne
Streptavidin T1, 10 mg/mL) were obtained from Invitrogen (Grand
Island, NY). Stock citrate-capped AgNPs (nominal 20 nm diameter,
0.18 mM Ag, 4.5 × 1011 NP/mL) were purchased from nano-
Composix (San Diego, CA). N-terminal prohormone brain natriuretic
peptide (NT-proBNP), monoclonal immunoglobulin G anti-NT-

proBNP 13G12 detection (Ab), and 15C4 capture Ab were obtained
from HyTest (Turku, Finland). The biotinylated polyclonal
antimouse immunoglobulin G secondary antibody (SAb) was
obtained from Abcam (Cambridge, UK). All solutions were made
using deionized (DI) water (>18.0 MΩ cm, Milli-Q Gradient System,
Millipore, Burlington, MA). All PBS concentrations were 1× unless
otherwise noted.

Instrumentation. The UV−vis spectroscopic measurements were
performed using a Hewlett-Packard HP8453 spectrometer with a 1.00
cm pathlength, micro-quartz cuvette (50 μL, Hellma, Müllheim,
Germany). A tube revolver (cat. no. 88881001, Thermo Scientific)
and a BioShake iQ from Quantifoil Instruments GmbH (Jena,
Germany) were used for incubation steps during bioconjugation.
Neodymium magnets were purchased from K&J Magnetics (Pipers-
ville, PA) and were used for washing and separating steps involving
magnetic microbeads (MμBs).

Electrochemistry. Electrochemical measurements were per-
formed using a CH Instruments model 760B electrochemical
workstation (Austin, TX). The fabrication of paper electrodes and
electrodeposition of Au onto the WE are described in the Supporting
Information and are based on a previous publication.33 A previously
published electrochemical protocol was used to detect the AgNP
labels.25,30,32,33 Briefly, to initiate GE, the potential of the WE was
stepped from 0 to 0.80 V for 12.0 s to oxidize Au0 to Au3+. Following
GE, the potential was stepped from 0 to −0.70 V for 50 s to
electrodeposit Ag0 onto the electrode. These two steps were carried
out twice, and then, the potential was swept twice from −0.70 to 0.20
V at a scan rate of 50.0 mV/s to oxidize Ag0. The charge resulting
from the second linear-sweep ASV scan was obtained by integration
of the area under the peak and represents the output signal of the
sensor. Previous results from our group have shown that the area
under the second ASV results in the largest and most reproducible
charge signal.32 All electrochemical measurements were performed in
1× PBS, unless stated otherwise, and all potentials are reported versus
a carbon quasi-reference electrode (CQRE).

Preparation of Assay Components. 13G12 Ab was conjugated
to the AgNPs using a previously published protocol26 that is also
discussed in more detail in the Supporting Information. Briefly,
13G12 Ab was modified by bioconjugation to a heterobifunctional
cross-linker. The modified Ab was then added to 500 μL of AgNPs
(4.9 × 1011 AgNPs/mL) and incubated for 1 h, followed by back-
filling with mPEG-SH for 20 min at 600 rpm at room temperature
(RT, 22 ± 3 °C). Excess conjugation reagents were then removed by
centrifugation for 30 min at 16,600g at 4 °C. The formed
bioconjugate was washed three times by centrifugation and then
redispersed in 500 μL of SBB. Henceforth, this will be referred to as
the AgNP-Ab conjugate.

For the model assay, the biotinylated SAb was conjugated to
streptavidin-coated MμBs using the protocol provided by the
manufacturer.39 Specifically, 100 μL of MμBs (∼7−10 × 109

MμBs/mL) was aliquoted and washed. Washing was performed by
magnetic separation, wherein the MμBs were collected on the wall of
the tube with a neodymium magnet, the supernatant was removed,
and the conjugate was redispersed in PBS. This was done three times
within a SBB-blocked microcentrifuge tube. Next, 40.0 μL of 6.67 μM
SAb was added, and the resulting solution was incubated for 30 min at
40 rpm at RT using the tube revolver. Finally, the conjugated MμBs
were washed by magnetic separation five times with 100 μL of PBS−
BSA solution (1% w/v in PBS) and redispersed in a final volume of
100 μL of the PBS−BSA solution. The resulting product is referred to
as MμB-SAb.

In the case of the antigen-specific assay components, the 15C4
capture Ab was biotinylated using a kit and the protocol provided by
the manufacturer.40 After biotinylating the 15C4 capture Ab, the
modified Ab was then conjugated to the streptavidin-coated MμBs
using the same procedure as described for MμB-SAb, wherein 40.0 μL
of the 6.67 μM biotinylated 15C4 capture Ab was incubated with 100
μL of the streptavidin-coated MμBs for 30 min at 40 rpm at RT on
the tube revolver. After incubation, the conjugate was washed by
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magnetic separation. The resulting product is referred to as MμB-
15C4.
Formation of the Metalloimmunoassays. Following prepara-

tion of the assay components, two different metalloimmunoassays
were prepared: the model assay and the antigen-specific assay. The
model assay was formed by bioconjugating MμB-SAb and AgNP-Ab
through the attached Abs in either undiluted normal serum or PBS.
Specifically, 16.0 μL of the as-prepared MμB-SAb was added to 100
μL of AgNP-Ab having the desired concentration in an SBB-blocked
microcentrifuge tube and then incubated for 1.0 h in the tube revolver
at 30 rpm. The components were washed with the 0.1% (v/v) Tween-
20 and PBS solution three times using magnetic separation, and then
they were redispersed in 16.0 μL of PBS. This conjugate will be
referred to henceforth as the MμB-AgNP model composite.
A step-wise conjugation approach was used for the antigen-specific

assay. More specifically, this assay was formed in a SBB-blocked
microcentrifuge tube as follows. First, 16.0 μL of the MμB-15C4
conjugate was placed in a tube along with 100 μL of a known
concentration of NT-proBNP in undiluted normal serum or PBS.
These components were incubated for 30 min at 30 rpm at RT. Next,
the partially formed assay was washed three times by magnetic
separation with 0.1% (v/v) Tween-20 and PBS solution to remove the
unbound peptide. Finally, 100 μL of the AgNP-Ab conjugate (in
serum) was added. This mixture was incubated for 30 min at 30 rpm
and was then washed by magnetic separation. The fully formed
antigen-specific assay was resuspended in a final volume of 16.0 μL of
PBS.
For analysis, both the model and the antigen-specific assays were

prepared in a similar way in that 2.0 μL aliquots of the desired assay
were combined with 48 μL of PBS in a tube to yield a final sample
volume of 50.0 μL. These diluted samples were then transferred to the
paper-based electrode, the fully formed assays were focused onto the
WE (∼30.0 s) by the magnet, and the electrochemical procedure was
performed as discussed earlier.
Assay Washing Procedures. Two washing procedures were

used: (1) washing of the MμB-AgNP model composite and (2)
washing following dispersion of the formed MμB-AgNP model
composite in different percentages of serum prior to electrochemical
detection. The latter washing protocol is described next.
After formation of the MμB-AgNP model composite, initial

electrochemical measurements were performed by dispersing 2.0 μL
of the MμB-AgNP composite into 48.0 μL of the diluted serum matrix
to yield a final sample volume of 50.0 μL and a final AgNP
concentration of 100 pM. The percentages of serum were 100.0, 50.0,
20.0, 10.0, 5.0, 2.0, 1.0, 0.50, and 0.25%, and these serum solutions
were diluted with PBS. Aliquots of 50.0 μL of these solutions were
transferred onto the paper electrode, and then, the GE/ASV detection
process was carried out. The first GE/ASV assay was carried out
directly on these samples with no washing steps.
Following the foregoing initial electrochemical detection experi-

ments, identical experiments were undertaken after washing. For the
first washing step, the MμB-AgNP model composites were separated
from the serum samples mentioned in the previous paragraph using a
magnet. Next, they were redispersed in 50.0 μL of PBS, and then, the
electrochemical assay was carried out using this solution. The second
and third washing steps were performed the same way.
Ag+ Electrodeposition. To better understand the impact of

serum on the GE/ASV detection process, we examined the Ag+

electrodeposition step in the presence of serum or filtered serum. The
filtered serum was prepared by centrifuging 500.0 μL of serum for 10
min at 10,000g using a 10 kDa molecular weight cut-off spin filter.
The filtrate was collected and used without further treatment.
The three test solutions used in this experiment contained the

following components: (1) 1.0 mM AgNO3 + 0.10 M KNO3 in DI
water, (2) 1.0 mM AgNO3 + 0.10 M KNO3 in 20.0% serum diluted
with DI water, and (3) 1.0 mM AgNO3 + 0.10 M KNO3 in 20.0%
filtered serum diluted with DI water. The Ag+ electrodeposition
experiments were carried out as follows. First, 50.0 μL of the desired
test solution was placed on the WE. Second, the WE potential was
stepped from 0 to −0.70 V (vs CQRE) for 50 s to reduce Ag+ onto

the electrode surface. Third, the electrodeposited Ag0 was anodically
stripped from the electrode surface by carrying out two consecutive,
linear-potential scans from −0.70 to 0.20 V at a scan rate of 50 mV/s.
The ASV data obtained from the second scan were collected and used
for quantification.32

GE in Bulk Solution. GE of AgNPs by HAuCl4 in bulk solution
(no electrode) was studied by UV−vis spectroscopy. Before
performing these experiments, the AgNPs were capped with mPEG-
SH (hereafter referred to as Ag-mPEG) to yield AgNPs similar to
those in the MμB-AgNP composite. The experiments were carried out
by combining DI water, Ag-mPEG, HAuCl4, and either serum or
filtered serum in a 1.5 mL microcentrifuge tube. The resulting
solutions were then mixed using a vortexer for ∼30 s. The total
volume for the solutions was 100.0 μL. The specific reagent usages for
each experiment are provided in Table S1. A series of experiments was
performed in which the percentage of serum or filtered serum was
varied in the presence of a constant charge equivalent ratio of HAuCl4
to Ag (because we do not necessarily know the speciation of oxidized
Au in solution, we hereafter refer to all forms of oxidized Au as Au3+).
In all cases, the extent of GE was determined by transferring a portion
of each sample to a 50.0 μL cuvette having a 1.00 cm pathlength and
then analyzing the solutions by UV−vis spectroscopy.

■ RESULTS AND DISCUSSION

Effect of Serum on Assay Formation. A key step in
biosensing is the formation of the assay, or, in other words,
capture of the target molecule. Depending on the complexity
of the matrix and the specificity of the capture molecules, this
step can be challenging. Here, two different assays, the MμB-
AgNP model composite and the antigen-specific assay for NT-
proBNP, were prepared in different matrixes, and then, they
were analyzed electrochemically. Each of the assays was formed
in either PBS or serum. For all experiments in this section, the
MμB-AgNP model composite contained 200 pM of AgNPs.
The antigen-specific assay was prepared using a step-wise
approach with 2.0 nM of NT-proBNP. Following formation of
the assays, they were washed three times as described in the
Experimental Section, transferred to the paper electrode, and
analyzed by GE/ASV.
Figure 1a is a histogram showing the results of the foregoing

experiment for the MμB-AgNP model composite. The results
clearly indicate that, within experimental error, the total charge
collected for the MμB-AgNP model composite is independent
of whether the assay is formed in serum or PBS. An identical
conclusion is obtained for the antigen-specific assay (Figure

Figure 1. Histograms representing the Ag charge obtained when the
(a) MμB-AgNP model composite (prepared using 200 pM AgNP)
and (b) antigen-specific assay for NT-proBNP (prepared using 2.0
nM NT-proBNP) were formed in either PBS or serum. Following
assay formation, the samples were both washed by magnetic
separation and aliquoted, as described in the Experimental Section,
and transferred to the paper electrode for analysis in 50.0 μL of PBS.
The error bars represent the standard deviation from the mean for five
independent measurements.
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1b). We conclude that the matrix in which the assay is formed
does not impact the outcome of the GE/ASV detection
method. To be clear, however, while the assays were formed in
either serum or PBS, the actual electrochemical detection was
carried out in aqueous PBS following washing of the assays
with the 0.1% (v/v) Tween-20 and PBS.
Effect of Serum on Electrochemical Detection. After

confirming that the serum matrix has no detectable impact on
the formation of the two metalloimmunoassays, the impact of
serum on electrochemical detection was studied. In this
experiment, the MμB-AgNP model composite was prepared in
PBS and then exposed to different percentages of diluted
serum for 1−2 min. For all experiments in this section, the
concentration of AgNPs was 100 pM. The preformed assays
were then washed up to three times with PBS prior to analysis,
and the resulting charge was determined using the GE/ASV
method described earlier.
Figure 2 presents histograms showing the total charge

recovered from the analysis of the MμB-AgNP model

composite as a function of the number of washing steps and
the percentage of serum. The black histograms correspond to
the charge detected from the as-prepared model composite (no
washing steps after exposure to the indicated percentages of
serum). At serum percentages >5.0%, no Ag charge is detected,
but for lower percentages, there is a gradual increase. For the
smallest percentage of serum, 0.25%, a limiting charge of 10.6
± 1.2 μC was detected. In other words, with no washing steps
included in the protocol, the presence of even 0.50% serum
renders the assay inaccurate.
The remaining histograms represent the charge recovered

after the MμB-AgNP model composite was washed once,
twice, or three times with PBS to remove residual serum prior
to the electrochemical analysis. Specifically, after exposure to
serum, 50.0 μL of the MμB-AgNP model composite was
washed using magnetic separation and then redispersed in 50.0
μL PBS before electrochemical detection. The trends in Figure
2 are quite clear: lower percentages of serum require less
washing steps to achieve limiting charge detection and more
washing steps result in detection of higher charge. In fact, three
washing steps result in limiting charge detection even after the
model composite is exposed to 100% serum. This same
experiment was performed with two other washing buffers (1×

PBS + 1.0% Tween-20 and HEPES), and in both cases, the
charge collected was lower than with 1× PBS only (Figure S1).
On the basis of the foregoing results, we conclude that even

after exposure to relatively small amounts of serum, limiting
charge detection cannot be obtained in the absence of washing.
The question then remains: what exactly is the effect of serum
on the GE/ASV electrochemical detection method and, by
extension, other electrochemical detection methods?

Effect of Serum on Ag+ Electrodeposition. Inhibition of
electron and mass transfer by biofilms is a common problem in
biosensing applications,41,42 although there are some notable
exceptions.43−46 Accordingly, we evaluated the effect of serum
on the GE/ASV detection method by isolating the electro-
deposition step. This was achieved by eliminating the analyte
and AgNPs from the assay and simply carrying out Ag+

electrodeposition in solutions containing serum. Specifically,
electrodeposition was performed in bulk solutions containing
1.0 mM of AgNO3, 0.10 M KNO3, and different percentages of
serum. The electrochemistry itself was carried out by stepping
the WE potential from 0 to −0.70 V for 50 s, and then, the
potential was swept twice from −0.70 to 0.20 V. The second
ASV was recorded, and the area under the peak was integrated
to determine the charge.
Figure 3a shows three representative ASV traces collected

using DI water, 20.0% serum, and 20.0% filtered serum.

Filtering removes components of the serum having molecular
weights larger than about 10 kDa, principally, human serum
albumin, globulin, and other large biomolecules. The
important observation is that even the presence of 20.0%
serum dramatically reduces the ASV charge. This finding is
reinforced by the histograms shown in Figure 3b, which
indicate a 20-fold decrease in charge for the serum solution. As

Figure 2. Histograms representing the amount of the Ag charge
collected from the preformed MμB-AgNP model composite after it
was exposed to various percentages of serum for 1−2 min and washed
0−3 times via magnetic separation. After washing, the samples were
transferred to the paper electrode and the GE/ASV detection
protocol was carried out using 50.0 μL of PBS. The error bars
represent the standard deviation from the mean for three independent
measurements.

Figure 3. Effect of serum on Ag+ electrodeposition. (a) ASVs
obtained following electrodeposition of Ag+ from 50.0 μL solutions
(DI water, 20.0% serum, or 20.0% filtered serum) containing 1.0 mM
AgNO3 and 0.10 M KNO3. Electrodeposition was carried out for 50 s
at −0.70 V (vs CQRE) on the paper electrode platform. The ASV
scan rate was 50 mV/s. (b) Histograms representing the amount of
the Ag charge obtained by integrating the traces in (a). The error bars
represent the standard deviation from the mean for three independent
measurements.
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an aside, it seems counterintuitive that filtered serum would
have a more dramatic effect on ASV than the serum (Figure
3b), and except for pointing out that this observation is
reproducible we are unable to offer an explanation for this
finding.
We propose that the underlying reason for the dramatic

effect of serum on Ag+ electrodeposition may relate to either of
the following two factors. First, it has previously been reported
that Ag+ is chelated by albumin, which is present in serum.47

Therefore, the presence of albumin or other biomolecules in
serum can cause chelation, which shifts the redox potential of
ions to more negative potentials in proportion to the strength
of binding.2,48 A second possible effect of serum on
electrodeposition relates to electrode passivation by biomole-
cules. Passivation can hinder electron transfer, mass transfer, or
both (Figure S2).49,50

Impact of Serum on GE in Bulk Solution. Apart from
the Ag+ electrodeposition step, the other important reaction in
the GE/ASV detection process is GE. Therefore, in this
section, we examine the impact of serum on GE.
As shown in Scheme 1a, detection in the electrochemical

assay is initiated by first generating Au3+ by electro-oxidation of
metallic Au predeposited on the paper electrode. Because this
step is necessary for GE, we investigated it in the presence of
serum first. As shown in Figure S3, the result is that there is no
statistically significant difference in the charge recorded for Au
oxidation when using PBS or PBS plus 20.0% serum.
Accordingly, we conclude that serum does not affect the first
step of the GE process.
After determining that the Au3+ electrogeneration step is

unhindered by serum, the GE reaction between Au3+ and Ag-
mPEG was analyzed in bulk solution (Scheme 1a). Ag-mPEG
was used as the model AgNP label because of its similarity to
the Ag labels in the MμB-AgNP model composite. Recall that
in this composite, the Ab-modified AgNPs are back-filled with
mPEG-SH to improve NP stability. Accordingly, the only
difference between Ag-mPEG and the AgNP-Ab bioconjugate
is the presence of MμBs and Abs in the latter.
The GE experiments were performed by combining DI

water; Ag-mPEG; Au3+; and serum, or filtered serum in a
microcentrifuge tube and vortexing for ∼30 s. Following
mixing, the solutions were analyzed by UV−vis spectroscopy.
It should be noted that Au3+ was introduced into the system
with increasing equivalents of charge. For example, one charge
equivalent of Au3+ corresponds to 3.00 nmol Au atoms for
every 9.00 nmol Ag atoms.
The black trace shown in Figure 4a is an absorbance

spectrum of Ag-mPEG in DI water. It exhibits a surface
plasmon resonance (SPR) peak at ∼400 nm arising from the
AgNPs. When one charge equivalent of Au3+ is introduced into
this solution, the red trace results after just 1 min. The loss of
the SPR peak indicates that Ag-mPEG was converted to Ag+

via GE. One might expect the presence of a new AuNP SPR
peak in the red spectrum following GE, and in fact, a peak at
535 nm does emerge after 4 h (Figure S4).
When the foregoing experiment is carried out in a matrix

containing 20.0% serum instead of DI water (Figure 4b), there
is no change in the absorbance of the SPR peak following the
addition of Au3+. This finding indicates that even 20.0% serum
completely inhibits GE. The results of additional experiments
in which the percentage of serum was varied are presented in
Figure S5. These spectra show that even 2.0% serum partially
inhibits GE.

Interestingly, as shown in Figure 4c, when the serum was
filtered through a 10 kDa molecular weight cut-off filter and
used in place of water, the intensity of the peak decreased by
87%, indicating that the extent of GE is only slightly affected in
this case. This indicates that biomolecules having molecular
weights >10 kDa are principally responsible for inhibition of
GE, but lower molecular weight molecules also contribute to
inhibition. In addition to the decrease in the magnitude of the
absorbance peak, the peak position shifts from ∼400 to ∼480
nm. This change suggests that the products of the GE may be
different depending on whether the reaction is carried out in
20.0% filtered serum or DI water.51

Taking into account the foregoing discussion, we conclude
there are two possible explanations for the inhibition of GE by
serum. First, biomolecules may adsorb to the surface of the Ag-
mPEG NPs and prevent penetration by Au3+, thereby
inhibiting GE by limiting mass transfer. The second possibility
is that biomolecules present in serum chelate Au3+, which
would shift its redox potential into a regime that hinders
GE.2,48 At present, we are unable to determine if one or both
of these mechanisms is responsible for suppression of GE.

■ SUMMARY AND CONCLUSIONS
To summarize, the goal of this study was to determine the
effect of serum on electrochemical bioassays that use AgNPs as
detection labels. Using a GE/ASV detection method previously
developed in our group,32 we confirmed that both a model and

Figure 4. Representative UV−vis spectra of Ag-mPEG before (black
trace) and after (red trace) the addition of about one charge
equivalent of Au3+ relative to Ag in (a) DI water, (b) 20.0% serum,
and (c) 20.0% filtered serum. The peak at ∼400 nm is due to the SPR
of AgNPs.
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an antigen-specific assay for NT-proBNP could be formed in
undiluted serum with no detectable adverse effects from the
matrix. In addition to assay formation, we also performed a
systematic analysis of the washing steps. This part of the study
revealed that there is a high degree of signal inhibition in the
absence of washing if even 0.50% of serum remains in solution.
Inhibition of electron and mass transfer by biofilms is a

common issue in biosensing applications, and therefore, this
study offers generally useful insights into how this problem
affects electrochemical detection of NP labels. Accordingly, the
results are likely to be valuable to many in the field of chemical
sensing. The findings described here will be applied to the
ongoing development of a biosensor for heart failure that is
currently underway in our lab. The results of that work will be
reported in due course.
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