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ABSTRACT: In this paper, we demonstrate the use of dual- sAgNP Only AgNC Only SAgNP + AgNC
shaped silver nanoparticles (AgNPs) as detection labels for G|NT-proBNP NT-proBNP T|NT-proBNP g7
electrochemical bioassays. The key finding is that by simulta- 2| cinica o| clinical -~ g clinical
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neously using AgNP labels having two different shapes, the limit of £ 3 / £ +
detection (LOD) for the assays is lowered compared to using % b % @
either of the two shapes separately. The two shapes were silver % ,I/sAgNP dynamic % AgNC dynamic % SAgNP + AgNC
nanocubes (AgNCs) having edge lengths of 40 + 4 nm and B range = A range = g dynamic range

spherical AgNPs (sAgNPs) having diameters of 20 + 3 nm. Two Concentration - Concentration Concentration -
different bioassays were examined. In both cases, the Ag labels

were functionalized with antibodies. In the first assay, the labels are directly linked to a second antibody immobilized on magnetic
beads. In the second assay, the antibodies on the AgNP labels and the antibodies on the magnetic beads are linked via a peptide. The
peptide is N-terminal prohormone brain natriuretic peptide (NT-proBNP), which is a heart-failure marker. The efficacy of the two
electrochemical assays as a function of the ratio of the two labels was investigated using a galvanic exchange/anodic stripping
voltammetry method. The key finding is that by optimizing the ratio of the two types of AgNP labels, it is possible to decrease the
LOD of the assays without compromising the dynamic range compared to using either of the two labels independently. This made it
possible to achieve the clinically relevant range for NT-proBNP analysis used by physicians for heart failure risk stratification.

KEYWORDS: spherical silver nanoparticles, silver nanocubes, metalloimmunoassay, galvanic exchange,
N-terminal prohormone brain natriuretic peptide, heart failure

B INTRODUCTION for NT-proBNP.>™> This latter goal could not be achieved
using either of the two AgNP shag)es individually.®

NPs differing in composition,7’ size,” shape,10 and surface
modifications''~"* have been applied to a variety of assays and
bioassays.”'#'* Due to their robust characteristics, the
optical, *™"? magnetic,” and electrochemical®'""**"** prop-
erties of metal NPs have been utilized for immunological
assays in the biosensor field in place of the more common
enzymatic,B’24 fluorescent,* and radioactive®® labels.””*® Gold
NPs are the most commonly used metallic labels for bioassays,
primarily due to their stability and their desirable optical
properties.”” > Although AgNPs also have useful optical
properties, they are significantly less stable than AuNPs.** This
is a consequence, in part, of the fact that Ag has a much lower
standard potential (E° = 0.79 V) than Au (E° = 1.52 V).** For
many applications, this large difference in standard potentials is
a drawback, but as we have shown previously, it can also be an

Here, we report on the simultaneous use of two different Ag
nanoparticle (NP) shapes as detection labels for electro-
chemical bioassay signal amplification. The two shapes,
nanocubes (AgNCs) and spherical NPs (sAgNPs), are
responsive to different concentration ranges of the assay.
Accordingly, the novelty of this work is that by combining the
two shapes into a single assay, the dynamic range is expanded
compared to using either of the two shapes individually.
Specifically, both NPs were functionalized with a monoclonal
antibody and tethered to a magnetic microbead (MuB) surface
prior to electrochemical detection. Using a previously reported
galvanic exchange and anodic stripping voltammetry (GE/
ASV) detection method," the optimal ratio of these particles
on the MuB surface was systematically investigated.
Compared to a single label, the simultaneous use of both the
sAgNP and AgNC labels leads to the following results. First,

1,14,33

there is a threefold decrease in the limit of detection (LOD) advantage.

for a model immunoassay. Second, the total amount of Ag —
charge collected increases by 20%. Third, the LOD for a Received: July 29, 2021 B o
metalloimmunoassay for the heart-failure biomarker N- Accepted:  September 29, 2021

terminal prohormone brain natriuretic peptide (NT-proBNP) Published: October 13, 2021

decreases by an order of magnitude. This decrease results in
the metalloimmunoassay overlapping with the clinically
relevant concentration range and risk stratification threshold
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Our group has previously combined GE with ASV to detect
the heart failure marker NT-proBNP using sAgNPs.é’14
Scheme la—c illustrates how sAgNP labels are detected in

Scheme 1. Schematic Illustration of the Galvanic Exchange/
Anodic Stripping Voltammetry (GE/ASV) Detection
Method Involving (a—c) sAgNPs or (d—f) AgNCs
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these studies. As shown in Scheme la, metallic Au pre-
deposited on the detection working electrode (WE) is first
oxidized. The resulting Au®* (here representing all species of
oxidized Au) diffuses into the sAgNPs and partially oxidizes
them to Ag* by GE. Next, as shown in Scheme 1b, the resulting
Ag" is electrodeposited onto the surface of the WE. This can
be thought of as a preconcentration step. Finally, the surface-
bound Ag is electrochemically oxidized by ASV. The charge
resulting from the ASV step corresponds to the detection
signal. The GE step is essential in this approach because the
distance between the sAgNP labels (which are linked to the
~1.0 pm-diameter MuBs) and the WE precludes direct
oxidation of the sAgNPs. An intrinsic drawback of the GE
process is that, depending on their size, a Au shell may form
around the sAgNPs, thereby preventing complete oxidation
(Scheme 1c).>>>¢

In an effort to circumvent the foregoing partial sAgNP
oxidation problem and thereby lower the LOD for GE/ASV
assays, we recently introduced the idea of replacing sAgNPs
with AgNC labels.”” AgNCs are known to form a more porous
Au shell during GE with Au** (Scheme 1d—£),**** and we
reasoned that this would result in a higher ASV charge and
thus a lower LOD for the NT-proBNP assay. Scheme lc—f
illustrates the general conclusions from these earlier reports as
they relate to the present study. Comparison of Scheme lcf
illustrates the key point: GE is prematurely terminated by the
formation of the Au shell in Scheme lc, but the porous Au
shell of the AgNCs (Scheme 1f) permits more complete
GE. 373943

In this article, a combination of AgNC and sAgNP labels was
used to detect both a model assay and an antigen-specific assay
for NT-proBNP. In Scheme 2, the formation of the
metalloimmunoassay for the detection of NT-proBNP is
depicted. This metalloimmunoassay is formed by first
capturing the analyte of interest from solution on a MuB
and then completing the immunosandwich with the function-
alized AgNCs and sAgNPs. In the second step of assay

Scheme 2. Schematic Illustration of the Formation of the
Metalloimmunoassay Using Both the sAgNP-Ab and AgNC-
Ab Bioconjugates in the Presence of the Biomarker
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formation, the two differently shaped Ag labels are shown. The
main difference between the current work and our previously
reported AgNC investigation is the application of this AgNC
label to a biomarker-containing metalloimmunoassay and the
use of the AgNC labels in conjunction with the sAgNP labels
within the same assay.

As alluded to earlier, previous results from our laboratory
showed that sAgNP labels yield a broad dynamic range but an
insufficient lower LOD for this assay.”'* Conversely, AgNC
labels result in a limited dynamic range but a superior LOD.
Accordingly, we hypothesized that by combining the two types
of NPs it would be possible to access the clinically relevant
range for NT-proBNP detection.””> The key point is that this
hypothesis is proven correct by the results presented herein.

B EXPERIMENTAL SECTION

Chemicals and Materials. Information about the chemicals and
materials is provided in the Supporting Information.

Electrochemistry. The electrochemical measurements have been
described previously."*'**

Preparation of the Conjugates. Information about the Ag-Ab
and MyB-Ab conjugates and formation of the NT-proBNP assay has
been described previously.””**

Preparation of the MuB-Ab Conjugates. For the model assay,
the biotinylated SAb was conjugated to streptavidin-coated MyBs
using the protocol provided by the manufacturer.*® Specifically, 100
uL of MuBs (~7—10 X 10° MuBs/mL) was aliquoted and washed.
Washing was performed using magnetic separation, wherein the MuBs
were collected on the wall of an SBB-blocked microcentrifuge tube
with a neodymium magnet, the supernatant was removed, and the
conjugate was redispersed in phosphate-buffered saline (PBS). This
process was carried out three times. Next, 40.0 uL of 6.67 uM SAb
was added to the tube, and the resulting solution was incubated for 30
min at 40 rpm at RT using the tube revolver. Finally, the conjugated
MyBs were washed using magnetic separation five times with 100 yL
of SBB and then redispersed in a final volume of 100 xL of SBB. The
resulting conjugate is referred to as MuB-SAb.

For the NT-proBNP assay, the 15C4 capture Ab was biotinylated
using a kit and the protocol provided by the manufacturer.*® Next, the
modified Ab was conjugated to the streptavidin-coated MuBs using
the same procedure as described for the MuB-SADb, wherein 40.0 uL
of the 6.67 uM biotinylated 15C4 capture Ab was incubated with 100
uL of the streptavidin-coated MyuBs for 1 h at 30 rpm at RT on the
tube revolver. After incubation, the conjugate was washed by
magnetic separation. The resulting product is referred to as the
MuB-15C4 conjugate.
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Formation of the Metalloimmunoassays. Information about
the formation of the metalloimmunoassays is provided in the
Supporting Information.

B RESULTS AND DISCUSSION

Electrochemical Analysis of the sAgNP-Ab and AgNC-
Ab Conjugates. The first step for comparing the efficacy of
the sAgNP-Ab and AgNC-Ab conjugates was to determine a
figure of merit that could remain constant for both of them.
These two types of NPs are similar in that they are both
composed of Ag and they both have HBCL-modified Abs
bioconjugated to their surface. There are, however, some
differences. Specifically, these NPs differ in size (20 vs 40 nm
diameter for sAgNPs and AgNCs, respectively), surface ligands
(poly(ethylene glycol) vs poly(vinylpyridine) for sAgNPs and
AgNCs, respectively), and GE efficiency. Accordingly, the best
figure of merit is the total Ag charge collected after the GE/
ASV detection method is performed on the model composites.
Briefly, the MyuB-sAgNP and MuB-AgNC model composites
were prepared as described in the Experimental Section using
different concentrations of just the sAgNP-Ab or just the
AgNC-Ab conjugates. These formed composites were then
transferred to the paper-electrode platform for electrochemical
analysis. The goal for this first experiment was to determine a
concentration of both composites that would lead to the same
amount of charge collected by GE/ASV. The results would
then provide a context for comparing the labels in subsequent
experiments.

Figure 1 is a histogram comparing the Ag charge obtained
using 100 pM of just the MyuB-sAgNP model composite or

30

Ag Charge (KC)

o

MuB-sAgNP MuB-AgNC

Figure 1. Histograms representing the amount of Ag charge obtained
by forming the model composite assay with either sAgNP-Ab or
AgNC-Ab conjugates (100 and 60.8 pM, respectively). These model
composites were prepared using the MuB-SAb conjugate and either
only the sAgNP-Ab conjugate, to make the “MuB-sAgNP” model
composite, or only the AgNC-Ab conjugate, to make the “MuB-
AgNC” model composite. Following assay formation, the samples
were both washed and aliquoted, as described in the Experimental
Section, and transferred to the paper electrode for analysis in 50.0 uL
of PBS. The error bars represent the standard deviation from the
mean for five independent measurements.

60.8 pM of just the MuB-AgNC model composite. The results
indicate that at these concentrations, there is no statistical
difference in the charge collected using the two different model
composites. Specifically, both model composites, which were
prepared with Ag particles having different sizes, shapes, and
surface ligands, resulted in a Ag charge of ~25.0 uC.
Optimization of the NP Ratio. After establishing an
appropriate context for comparing the sAgNP-Ab and AgNC-
Ab conjugates (Figure 1), the model composite was system-
atically prepared using mixtures of the sAgNP-Ab and AgNC-

Ab conjugates. The different volumetric ratios of the two
conjugates were prepared using a 100 pM solution of the MuB-
sAgNP model composite and a 60.8 pM solution of the MuB-
AgNC model composite. These solutions were prepared as
described in the Experimental Section and summarized in
Table S1. The key point is that the concentrations of the two
composites (100 or 60.8 pM) used individually yield the same
detection signal (Figure 1). Henceforth, we refer to this as “Ag
charge equivalence”. Therefore, when the two labels are mixed
in different ratios, it is possible to determine if a particular ratio
leads to an optimal dynamic range and LOD that are superior
to those when either of the two labels used individually.

The histograms in Figure 2a correspond to the Ag charge
collected when the model composite was formed with volume
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Figure 2. Histograms representing the amount of Ag charge collected
from the model composite when it was prepared using different
volumetric ratios of 100 pM sAgNP-Ab and 60.8 pM AgNC-Ab
conjugates (Table S1). (a) NP ratios containing more sAgNPs than
AgNCs (sAgNP/AgNC) and (b) NP ratios containing more AgNCs
than sAgNPs (AgNC/sAgNP). (c) Same experiment as in (a) but the
concentration of the model composite was diluted by 50%. The
dashed line represents the expected Ag charge based on the result for
the “Ag charge equivalence” in (a). The error bars represent the
standard deviation from the mean for five independent measurements.
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ratios that included more sAgNPs than AgNCs in the mixture.
For example, for the 70:30 model composite, 70.0 uL of the
sAgNP-Ab conjugate and 30.0 uL of the AgNC-Ab conjugates
were added to 16.0 uL of MuB-SAb (Table S1). The Ag
charge corresponding to this and other ratios is compared to
the “Ag charge equivalence” (first histogram in Figure 2a).
Recall, that the Ag charge equivalence is the Ag charge
resulting from the model composite yielding the same Ag
charge but comprising only sAgNPs or only AgNCs (Figure 1).
The results in Figure 2a show that the 90:10 NP ratio
generated a Ag charge which was ~20% higher than when the
model composite is formed with only the sAgNPs or only the
AgNCs.

The histograms in Figure 2b were obtained exactly as
discussed for Figure 2a, except for NP ratios that included
more AgNCs than sAgNPs. The results indicate that when
there are more AgNCs than sAgNPs present in the labeling
mixture, the Ag charge collected after the GE/ASV detection
method is significantly lower than the Ag charge equivalence
results. The results in Figure 2b indicate that NP ratios that
include more AgNCs than sAgNPs are not optimal for sensing
applications.

Up to this point, a relatively high concentration of the
sAgNPs-Ab and AgNC-Ab conjugates (various percentages
having concentrations of 100 and 60.8 pM, respectively) was
used to form the model composite. The next step in the
optimization process was to reduce the NP concentration by
50% (Figure 2c) to ensure that the same trends are observed
over a range of concentrations (as would be encountered in a
bioassay). An additional 98:2 ratio was also included in this
part of the study. The dotted line in Figure 2c represents the
expected Ag charge if the initial Ag concentration was diluted
by 50%. That is, the benchmark value used in this experiment
was the Ag charge equivalence, which resulted in ~25.0 uC of
charge (Figure 1). Therefore, the expected Ag charge when the
concentration is reduced by 50% is ~12.5 yuC. The data in
Figure 2c show that even when the concentration is reduced,
the 90:10 sAgNP/AgNC ratio still results in a 20% increase in
the expected Ag charge. On the basis of these results, the 90:10
sAgNP/AgNC ratio was used for the remaining experiments.

Calibration Curve for the 90:10 sAgNP/AgNC Model
Composite. After confirming that the 90:10 sAgNP/AgNC
ratio is optimal for one concentration of Ag, this same ratio
was applied to a series of different Ag concentrations.
Accordingly, the model composite was prepared as described
in the Experimental Section using a 90:10 volumetric ratio of
the sAgNP-Ab and AgNC-Ab conjugates at total Ag NP
concentrations ranging from 2.07 to 100 pM. The formed
model composites were then washed using magnetic separation
and transferred to the paper-electrode for electrochemical
analysis.

Figure 3 shows the results of this experiment. Specifically,
the representative voltammograms in Figure 3a indicate that
the Ag oxidation current increases as a function of the total
concentration of AgNPs used to form the model composite
assay. The inset includes an expanded view of the voltammo-
gram for the blank (black trace). This solution contained
AgNPs that were not bioconjugated to Abs, and it
demonstrates that the assay has an intrinsic zero background.
The inset also shows data for the lowest detectable AgNP
concentration (2.07 pM, red trace).

The charges under voltammograms like those shown in
Figure 3a, plus voltammograms obtained at other concen-
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Figure 3. Electrochemical results for detection of the model
composite formed using the 90:10 sAgNP/AgNC volumetric ratio
and the GE/ASV detection protocol. (a) Representative ASV curves
for the total concentration of AgNPs (sAgNPs + AgNCs) indicated in
the legend. The inset includes an expanded view of the voltammo-
gram for the blank (black trace). For clarity, representative ASV
curves for only half of the concentrations used to construct the
calibration curve in (b) are shown. The other half are provided in
Figure S2. The position of the ASV peaks varies somewhat because
the references electrode is a CQRE. (b) Calibration curve showing
the correlation between the Ag charge [obtained by integrating ASV
curves like those in (a)] and the total AgNP concentrations (sAgNPs
+ AgNCs). This plot contains data shown in (a) and in Figure S2.
The LOD, 2.07 pM, was calculated using the standard deviation of the
linear regression line and the slope of the calibration curve. The linear
regression value is 0.99 and the scan rate was S0 mV/s. Each data
point represents the average of five measurements carried out using
independently fabricated electrodes. The error bars represent the
standard deviation of these five measurements. Outliers were
eliminated using Grubb’s test with a 95% confidence level.

trations (Figure S2), were obtained by integration, and the
results for five independent experiments per concentration are
plotted in Figure 3b. These data demonstrate that the charge
increases linearly from 2.07 to 100.0 pM of total AgNPs
(sAgNPs + AgNCs) and then begins to saturate. Note that
concentrations below 2.07 pM could not be differentiated from
the blank and thus are not shown in Figure 3. Nevertheless, the
LOD of 2.07 pM represents a threefold decrease compared to
the same assay carried out using only sAgNPs (Figure S1).
Another important aspect of Figure 3b is that the relative
standard deviation of the combined dataset is <11%.
Dose—Response Curve for the NT-proBNP Metal-
loimmunoassay. The ultimate goal in this dual-shaped AgNP
investigation is to ensure that the results leading up to this
point can be translated to the NT-proBNP metalloimmuno-
assay, which is the main focus of our sensor-related research.
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Figure 4. Electrochemical results obtained for detection of NT-proBNP using the 90:10 sAgNP/AgNC volumetric ratio and the GE/ASV detection
protocol. (a) Anodic stripping voltammograms were obtained by aliquoting 2.0 uL of the formed assay, diluting it with 48.0 4L of PBS, and then
carrying out the GE/ASV protocol described in the text. The concentrations listed in the legend represent the concentrations of NT-proBNP used
to form the metalloimmunoassay. The scan rate was 50 mV/s. (b) Calibration curve showing the correlation between the Ag charge [obtained by
integrating ASV curves like those in (a)] and the concentration of NT-proBNP used to form the immuno-sandwich. Additionally, for clarity, the
ASV curve for 5.82 nM of NT-proBNP is not shown in Figure 4a. The error bars represent the standard deviation obtained using five independent
measurements. Outliers were eliminated using Grubb’s test with a 95% confidence level.

Accordingly, the NT-proBNP bioassay was prepared in
SuperBlock Blocking buffer (SBB) using the step-wise
procedure described in the Experimental Section. Specifically,
16.0 puL of the MuB-15C4 conjugate was added to SBB-
blocked microcentrifuge tubes, and then, 100 uL of different
concentrations of NT-proBNP was added. The control for this
experiment was the formation of the metalloimmunoassay in
the absence of NT-proBNP. Following incubation and
washing, an excess of the 90:10 sAgNP/AgNC conjugate
ratio was added to the tubes. The fully formed assay was then
transferred to the paper electrode, and the electrochemical
detection protocol was carried out in PBS.

Representative ASV curves for this experiment are shown in
Figure 4. The voltammograms in Figure 4a indicate that the Ag
stripping current increases as a function of the concentration of
the NT-proBNP used to form the assay. Note, however, that
concentrations below 0.06 nM could not be differentiated from
the background. The charges under voltammograms like those
shown in Figure 4a were obtained by integration, and the
results for five independent experiments per concentration are
plotted in Figure 4b. These data show that the linear dynamic
range for this assay is 0.06—3.49 nM of NT-proBNP and that
at higher concentrations, the calibration curve begins to
saturate. The average relative standard deviation for the points
on the linear part of the calibration curve is <21%.

Earlier we stated that the lowest LOD we have been able to
achieve for the NT-proBNP metalloimmunoassay formed
using only the sAgNP-Ab conjugate was about fivefold higher
than the clinically relevant minimum value. Specifically, the
lowest LOD heretofore achieved was 0.58 nM,® but the
minimum clinical concentration used by physicians to identify
heart failure patients who are at risk of poor outcomes is 0.116
nM.”™> Using the dual-shaped AgNP conjugates, the limit of
detection for this bioassay is 0.06 nM, well below the target of
0.116 nM. We attribute this lower LOD to the incorporation of
the AgNC-Ab conjugates into the Ag detection labels used in
this bioassay. Recall that according to previously published
literature, the AgNCs perform more efficiently during the GE
process than the sAgNPs because the Au shell formed around
the AgNCs is more porous, and therefore, more exchange can

37,39—43
occur.
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B SUMMARY AND CONCLUSIONS

The overall goal of the present article was to develop an assay
for the heart failure biomarker NT-proBNP that could perform
within the clinically relevant concentration range. This range
includes the risk stratification threshold used by physicians to
determine next steps in the care of a patient. We have
previously reported on this specific assay in which only
sAgNPs were used as detection labels.” The use of only the
sAgNP labels resulted in an LOD which was still fivefold
higher than the clinically relevant minimum concentration of
NT-proBNP. In an effort to reduce the LOD of the assay,
AgNCs were introduced as an additional detection label. This
decision was made because prior literature indicated that
AgNCs experience more efficient GE with Au’* than
sAgNPs.”*~* Specifically, instead of a Au shell forming
around the exterior of the NPs, as occurs for sAgNPs,35’36 a
porous Au layer forms. The porous Au layer results in more
exchange during the GE process.””*"~*

The optimal volumetric ratio of the two labels was found to
be 90:10 sAgNP/AgNCs. Using both types of labels
simultaneously, we achieved a threefold decrease in the LOD
for the model metalloimmunoassay. We attribute this result to
the presence of the AgNCs, which undergo more efficient GE
than the sAgNPs. The findings for the model assay translated
well to the antigen-specific assay for NT-proBNP. In particular,
the LOD for the metalloimmunoassay for NT-proBNP
decreased by an order of magnitude, but the high end of the
dynamic range was not affected by the presence of the
AgNCs.® Accordingly, the NT-proBNP assay overlaps with the
clinically relevant concentration range and risk stratification
threshold for NT-proBNP in buffer.” > The next steps for this
NT-proBNP assay include transitioning it into a serum matrix
with the dual-shaped AgNP detection labels. The results of this
work will be reported in due course.
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