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ABSTRACT: Interdigitated electrode (IDE) arrays with nanometer-
scale gaps have been utilized to enhance the sensitivity of affinity-
based detection. The geometry of nanogap IDEs was first
optimized on the basis of simulations of the electric field and
current density. It was determined that the gap (G) between the
electrodes was the most important geometric parameter in
determining the distribution and strength of the electric field
and the current density compared to the width (W) and height
(H) of the IDEs. Several devices were materialized and analyzed
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for their sensitivity to the electrochemical environment using faradic electrochemical impedance spectroscopy (EIS) as the detection
technique. Nanogap optimized IDEs were then employed as biosensors for the label-free, affinity-based detection of antitissue
transglutaminase antibodies (atTG-Abs), a biomarker for the detection of autoimmune disorder celiac sprue, triggered by ingesting
gluten. The label-free biosensor assay was found to be less sensitive compared to on-chip ELISA. Gold nanoparticles (GNPs) were then
employed to improve the sensitivity of the nanogap IDE-based biosensor. With GNPs, the transducer sensitivity increased by 350% over
that of label-free detection. The suitability of nanogap IDEs as biosensor transducers for EIS in label-free and GNP-labeled formats was
established. The immunobiosensor assay detection sensitivity with the GNPs was found comparable to ELISA.

I. INTRODUCTION

The current research in biosensors has focused on the
integration of biomolecular probes, signal-enhancing labels,
transducers, and their detection apparatus in compact devices.
Biosensors based on immunoassays (IAs) have become routine
analytical tools in pharmaceutical, toxicological, and environ-
mental analysis as well as in clinical diagnostics because of high
sensitivity, high selectivity, rapid detection, and the possible
analysis of difficult matrices without extensive pretreatment."”
The introduction of enzyme-labeled reagents in the 1970s
revolutionized the field by making IAs reliable, accurate, easier,
and safer compared to hazard-prone radioisotope-labeled
reagents.” ® Enzymatic labels were followed by several other
signal-generating methods, most notably fluorophores, chemilu-
minophores, phosphores, and lately nanoparticles (NPs) that
have generated considerable interest as suitable labels for mon-
itoring biomolecular interactions.”® Below we report our results
of employing colloidal gold nanoparticles (GNPs) that were used
to enhance the sensitivity of an impedimetric immunobiosensor
for the detection of specific antibodies in serum samples using
immunoaffinity binding interactions. Antibodies (Abs) are pro-
duced by the mammalian immune system when non-native
molecules (>1kD) called antigens (Ags) are perceived threats.
In celiac sprue disease, the gliadin (wheat) peptide gets
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cross-linked to a lysine residue of tissue transglutaminase (tTG)
in a self-catalyzed reaction. The covalent linkage renders tTG asa
non-native molecule and triggers the production of atTG-Abs by
the immune system. These anti-tTG Abs in serum are established
biomarkers for the specific detection of celiac sprue.” The work
reported below uses a nanogap-interdigitated electrode array
(IDEA) biosensor-based platform to detect antibody—antigen
binding events. We have demonstrated the capability of our
sensor platform by detecting specific Abs in serum captured
with Ag immobilized on a sensor surface and using GNPs for
enhanced sensitivity.

Nanoparticles offer several advantages that have attracted
widespread interest in their use as labels, including simple
chemical processes for biofunctionalization, good biocom})at-
ibility, and size comparable to that of most biomolecules. """
Nanoparticles have been prepared from different materials that
range from metals (Au, Ag) to semiconductors (CdSe, PbS)
to dielectric (TiO,, SiO,) materials.'*” "> Colloidal Au NPs have
been extensively employed as labels and used to develop a
range of immunochemical methods based on visual detection,'®
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Figure 1. (a) Nanogap IDE design, simulation, and fabricated chip
showing the output of the device simulation from the Ansoft Maxwell
software for the electric field distribution around the electrodes. The
values of the electric field and current density analyzed were determined
along the lines marked X (S0 nm from the electrode surface) and Yin the
middle of the gap with the following parameters: width (W = 1500 nm),
height (H = 200 nm), and gap (G = 500 nm). (b) Bar graph showing the
change in the electric field (E) for different width (W) and gap (G)
combinations. Please see the Device Simulations section for details. (c-i)
Relative placement of IDEs on the IDEA chip. (c-ii) Photomicrograph of
blank pads used to make nanogap IDEs using e-beam lithography. (c-iii)
SEM section of the same electrode after making nanogap IDEs.

spectrophotometry,'® electron microscopy,'” dynamic light
scattering,"® and electrochemical analysis."

Electrochemical detection offers several advantages over con-
ventional optical detection, such as instrument portability, higher
performance with lower background, less expensive components,
and possible measurements on turbid samples. Electrochemical
transducers have often been used to detect biomolecular inter-
actions because of their small dimensions, low cost, and compat-
ibility with micromanufacturing technology.”>*' However, one
major obstacle in implementing electrochemistry for the detec-
tion of biomolecular reactions lies in its lower sensitivity as
compared to that of optical systems.”® One of the approaches
proposed to enhance the sensitivity is by increasing the number
of biomolecular events at the transducer surface by making 3D

. 2223
macroporous gold layers or using nanoporous alumina.

However, these approaches increase the manufacturing complex-
ity, thereby increasing the production and implementation
costs. Another approach includes making electrochemical trans-
ducers more sensitive by designing better electrode systems.
Most of these approaches aim to bring the sensing elements
spatially closer to the biomolecules, which are typically
20—200 nm from the electrode surface.”*** Sensor miniaturiza-
tion based on microelectronic device fabrication technologies has
received considerable attention toward the development of such
highly sensitive, cost-eftective, rapid, reliable, and multiplexed
biosensor chips.

The platform for our GNP-based biosensor consisted of
nanogap IDEs as the sensing units that are easy to integrate in
large-scale arrays. A nanogap-IDE transducer was chosen mainly
for two reasons. First, an IDE structure having an interelectrode
spacing in the nanometer regime makes it possible to reach high
nonstationary as well as stationary electric field strengths with a
low applied voltage level that is suitable for biomolecular inter-
actions. Hence, electrode reactions will be lower, and at the same
time a high signal-to-noise ratio is obtained.** Second, the
electric field does not extend far from the electrodes, hence it
probes mostly the molecules immobilized on their surfaces,
which makes this approach more sensitive.””

The geometry of the IDE arrays used for this study was based
on simulations that were performed to optimize the main
parameters, namely, the width (W), gap (G), and height (H)
of the electrodes (Figure la), and the length (L) was held
constant and was much larger than W, G, or H. These parameters
have a significant effect on the electrical characteristics of
IDEs.”***” Electrochemical impedance spectroscopy (EIS) was
used to compare the sensitivity of IDEs with gaps ranging from
100 to 500 nm. A 500 nm gap IDE array was employed to detect
antitransglutaminase antibodies (aTGAbs), which are estab-
lished serum biomarkers for celiac sprue disease. Pr-A-gold
nanoparticles (Pr-A-GNPs) were then used to enhance the
sensor signal. Our results demonstrate that the biosensor sensi-
tivity was enhanced significantly compared to the label-free
detection of aTGAbs. The immunosensor detection assay is
also compared with an on-chip ELISA assay for the detection of
aTGADs.

Il. MATERIALS AND METHODS

Device Modeling and Simulation. Ansoft Maxwell software
was used to model the current density and electric field surrounding
the IDEs. It uses finite element method analysis to solve the electro-
magnetic parameters. The built-in 2D solver option was used for this
simulation, where the length of the electrode digits for all IDEs was
kept constant and was much larger than the width, gap, and height of
the electrodes. The electric field and current density were solved by
imposing the following parameters: 1% error allowed, 100% refine-
ment per pass with a maximum of 10 passes, and 1 minimum converged
pass. The background medium was PBS, which has a relative permit-
tivity of 80 and a bulk conductivity of 0.13 S/m. The substrate was a
650-um-thick silicon wafer that was coated with a 1-um-thick layer of
silicon dioxide.

Reagents. Phosphate-buffered saline (PBS) and PBS containing
0.05% tween-20 as a detergent (PBST) were used as the buffer.
Potassium ferri/ferrocyanide was used as a redox probe couple at an
equimolar concentration of 2.5 mM in PBS for faradic EIS measure-
ments. Tissue transglutaminase (tTG) was purchased from USBio
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(Swampscott, MA, U.S.). Goat anti-tTG antiserum (T7066), rabbit anti-
goat-IgG HRP conjugate (AS420) secondary antibody, protein-A
(P6031), and all other chemicals were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO, U.S.).The interdigitated electrode array
chips were manufactured at SHARP Laboratories of America (Camas,
WA, US.).

Device Fabrication. A combination of UV photolithography
(UVPL) and electron-beam lithography (EBL) was used to fabricate
functional nanogap-interdigitated electrode arrays that can be used for
the sensitive detection of biomolecular activity. The IDEs were made of
gold because of its inertness, available functionalization chemistry, and
relative ease of fabrication of chips using existing silicon microelectronic
device processing technology. The sensor chip design was based on the
secure digital (SD) card format with large contact pads and intercon-
nects as well as the nanogap IDEs that were fabricated in two steps. First,
the relatively large contact pads and interconnects were fabricated using
standard silicon UV photolithography with ECR-enhanced reactive ion
etching (RIE). EBL was then performed to produce nanoscale IDEs on
substrates with the previously UVPL-patterned interconnect electrodes.
The detailed fabrication process is described in the Supporting
Information.

EIS Measurements. The impedance measurements were made by
scanning the frequency and recording the impedance and phase on a
probe station using tungsten-tipped probes and an impedance meter
(HP Agilent 4294A). Typically, the binding interactions were carried out
in PBS containing 0.05% tween-20 as a detergent (PBST), and the
electrochemical measurements were made in 10 mM PBS containing a
redox probe (PBSR) consisting of 2.5 mM each of K,[Fe(CN)4] - 3H,0
and K3[Fe(CN);]. The oscillation voltage was kept at 25 mV with a dc
bias voltage of 220 mV. This optimized combination of the oscillation
voltage and dc bias values gave us better results as compared to the
usually reported values of S—10 mV oscillation voltage and 120—230
mV dc bias for faradic EIS biosensors. It is important to optimize
these values because it is also a circuit-related issue and is dependent on
the concentration of the redox probe coupled in the solution, especially
when utilizing a two-electrode system such as interdigitated elect-
rodes.”®*’ A software application was written in Visual Basic to collect
EIS data over a frequency range of S0 Hz to 50 kHz at the end of the
following events: in PBSR before the sample was incubated, after the
incubation of the sample (serum dilution), and after the incubation with
colloidal gold labels for signal enhancement. The incubations were
carried out in PBST, and the buffer was changed to PBSR before data
collection. A series of 80 data points were collected per sweep and
averaged for 3 sweeps over a 1 min period. The data was analyzed using
Z-View software commercially available from Scribner Associates
(Southern Pines, NC, U.S.). The experimental curves were fitted using
a suitable Randles electrically equivalent model. All plots were made by
exporting the analyzed Z-View data to MS-Excel.

Biofunctionalization. The chips were plasma precleaned and
processed as follows. Cysteamine self-assembled monolayers (SAMs)
were formed on the gold surface by incubating the chips in a solution of
cysteamine hydrochloride (0.01 M in ethyl alcohol) for 8 h. The SAMs
were treated with a 1% triethylamine aqueous solution for 30 min,
washed with water and PBS, and incubated with 2.5% glutaraldehyde in
PBS for 2 h. After the activation of SAM with glutaraldehyde, the chips
were washed with carbonate buffer (50 mM, pH 9.6) and incubated with
antigen protein (i.e, S0 #g/mL tTG solution) using a silicon channel
enclosure around the electrodes. The protein solution was allowed to air
dry, and the chips were washed thoroughly with DIW. The unused SAM
functional groups were neutralized using 1% ethanolamine in carbonate
buffer for 30 min, and the nonspecific binding sites were blocked by
using 1% polyvinylpyrrolidone (PVP) in PBST for 1 h. We have used
PVP instead of conventional blocking agents such as casein/albumins

because of its better performance as reported elsewhere by us and other
groups.””*® The chips were stored at 4 °C under PBST until used.

Immunosensor Assay. The electrode array was enclosed in a
channel consisting of a PDMS well with the contact electrodes
extending beyond the well to the contact pads near the edge of the
chip. A Plexiglas chamber supporting the inlet/outlet tubes was
mechanically held over the PDMS well. The assay was run on the
chip, and the data was collected as described in the EIS Measurements
section. A typical assay procedure consisted of calculating the initial
data in PBSR, injecting goat anti-TG antiserum dilutions made in
PBST, incubating for a predetermined time (10 min), washing with
PBST and PBSR, and collecting the binding data in PBSR. The data
was analyzed as explained above in the EIS Measurements section. The
baseline impedance was established by taking average values of
impedance before incubation with anti-TG antiserum dilutions. The
differential change in impedance due to the specific binding of
aTGAbs with respect to baseline impedance was used as the signal
for a given dilution of antiserum used. For nanoparticle-based signal
enhancement, the Pr-A-GNPs were allowed to bind with captured
antibodies for a predetermined time (10 min). The signal enhance-
ment due to the binding of Pr-A-GNPs was determined with respect to
baseline impedance and the label-free a TGAbs binding signal.

On-Chip ELISA. An on-chip ELISA procedure was used to
compare the sensitivity of a biosensor with that of a conventional
enzyme immunoassay. The chips biofunctionalized with tTG were
incubated with different concentrations of goat anti-TG antiserum in
the flow channel as described in the previous section. After incubation
(10 min), the chips were washed with PBST thoroughly and then HRP
conjugated rabbit anti-goat-IgG (Sigma, A5420) secondary antibody
was injected into the channel at dilutions suggested by the manufac-
turer. After 20 min of incubation with the secondary antibody, the
chips were washed thoroughly with PBST and removed from the flow
channel. A subsequent procedure was carried out in a four-quadrant
Petri dish. Each chip was transferred to a Petri dish quadrant contain-
ing S mL of a TMB/H,O, substrate system (Sigma, T0440). The HRP
chromogenic substrate reaction (appearance of blue color) was
allowed to proceed for 20 min, and then 1 mL of a blue solution was
taken out of the Petri dish and the reaction was stopped using 0.5 mL of
an acidic stop solution (1N H,SO,) that was confirmed by a color
change from blue to yellow. The optical density (OD) of the yellow
solution was read at a 450 nm wavelength using a spectrophotometer
(Shimadzu UV-1800). The color intensity was proportional to the
dilution of anti-TG antiserum used.

Colloidal Gold Nanoparticle Labels. Monodisperse (15—20 nm)
colloidal gold nanoparticles (GNPs) were prepared by a slight mod-
ification of methods published elsewhere."*' Briefly, a 200 mL
solution of 0.01% tetrachloroauric acid (gold chloride) in water was
brought to boil, and 8 mL of 1% trisodium citrate solution was rapidly
added to the boiling gold chloride solution. The solution was allowed
to boil for 10 min until it developed the typical bright wine-red color of
colloidal gold. As-prepared GNPs (ODs,s nm = 1.49) were conjugated
with protein-A (Pr-A) by exploiting charge-based binding with a slight
modification of a previously reported method.>* GNP (40 mL) was
adjusted to pH 7.0 using 0.2 M K,COj; and added to 400 4L of a 1 mg/
mL protein-A solution in phosphate buffer (pH 7.0). After 15 min,
1 mL of 10% BSA in phosphate buffer (pH 7.0) was added to the
solution. The conjugate was concentrated by centrifugation, and the
loose pellet of the Pr-A-GNP conjugate was resuspended in phosphate
buffer to a final ODs55 npy, of 3.0.

Ill. RESULTS AND DISCUSSION

Device Simulations. The Ansoft Maxwell software was uti-
lized to determine the electromagnetic field distribution on our
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Table 1. Geometric Parameters Designed and Materialized for Nanogap IDEs and a Comparison of the Relative Sensitivity of
Nanogap IDE Devices to Identical Variations in the Electrochemical Environment

W/G of digits designed
pattern (nm)

W/G of digits after

pattern development

IDE’s device ID (expected P*) (nm)
D2 400/200 (600) 523.8/188.6
D3 400/400 (800) 484.4/302.7
D4 700,/200 (900) 750.6/154.5
D5 700/300 (1000) 755.5/272.7
De* 1500/500 1500/500

final W/G of Au electrode digits

464.1/224.3 (688.4)
439.6/355.6 (795.2)
696.8/184 (880.8)
708.8/264.3 (973.1)
1500/500

IDE area in m2

(no. of IDE digits®)

sensitivity (slope)

(aerial sensitivity®)

(nm) (final P*)

8.4 x107° (257)
7.0 x 1077 (225)
9.1 x 1077 (200)
8.4 x 10~ ? (180)
1.78 x 10~° (80)

—30925 (3.68155 x 10'%)
—16651 (235957 x 10'%)
—14777 (1.61391 x 10'%)
—8925 (1.0625 x 10'%)
—5951 (3.34 x 10")

“Pitch of IDE = width (W) + gap (G). ¥ Actual number of digits materialized per IDE. ‘aerial sensitivity = slope of curve/area (m?) YIDE devices

materialized using UVPL only.

devices by using the following equation:
V-[0E + joeVe(x,y)] = 0 = f(xy) (1)

where f(x, y) is the magnitude and phase of the electric potential
at each value of x and y, w is the angular frequency at which the
potential is oscillating, o is the conductivity, and ¢ is the
permittivity. An ac conduction solution was developed using a
voltage of 25 mV, a frequency of 60 Hz, and a phase angle of 0°.
The boundary is assumed to be insulated from any kind of
outside electric/magnetic activity.

Figure 1b shows the change in the strength of the electric field
(E, V/m) for an IDE with different W and G combinations of the
electrode digits. Device simulation showed that the current
density and electric field showed a large change in flux when
the gap between the electrodes was decreased to below 800 nm;
however, these values remained relatively unaffected by the
change in width of the electrode digits. A detailed analysis of
different design parameters and simulation results for IDEs has
been reported elsewhere.”” On the basis of the simulated results,
IDEs with nanoscale gaps ranging from 100 to 500 nm and
widths ranging from 400 to 1500 nm were fabricated.

Sensitivity of Nanogap IDEs. Table 1 shows several different
W/G combinations that were designed and fabricated. IDEs with
gaps ranging from 150 to 500 nm were materialized and expected
to be most sensitive on the basis of the simulation results.
Interdigitated digits or “fingers” from opposite electrodes had a
length and width of 50 #m and 70 nm, respectively. Each chip
was composed of eight sets of IDEs that could be individually
connected via contact pads that were designed in a secure digital
(SD) card format. These eight IDEs were arranged such that they
could also be divided into two groups, where each group could be
served by its own flow channel (Figure 1c-i). Individual IDEs
were characterized by optical microscopy and a scanning electron
microscope (SEM) to ascertain geometric parameters at different
stages of fabrication (Figure 1c-ii,c-iii).

The IDEs should be sensitive to the chemical environment
around the electrodes in order to be successful as transducers for
biosensor applications. The relative sensitivity of IDEs with
different geometries was compared by subjecting them to varying
concentrations of a redox probe solution. Equimolar solutions of
K,[Fe(CN)¢]-3H,0 and K;[Fe(CN)4] were used with con-
centrations 0f 0.01, 0.1, 1.0, 10, and 100 #M. The impedance data
was collected, and the Nyquist plots obtained were fitted into the
Randles equivalent circuit model as shown in Figure 2a. It was
observed that for all devices the charge-transfer resistance (R-Ct)
increased with decreasing concentration of the probe solution
and maximum R-Ct values were observed for deionized water
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(DIW). The R-Ct in the presence of a redox probe approached
that of DIW at concentrations of <1 nM. All devices tested
showed a maximum sensitivity in the 0.1 to 10.0 #M range. This
range was used to compare the relative sensitivity of the electro-
des. As shown in Figure 2b, R-Ct values were plotted against the
redox probe concentration and the slope of curve in this range
was used as a measure of the sensitivity of the device. Negative
values were obtained for the slopes of these curves, indicating an
inverse relationship between R-Ct and the probe concentration.

In general, the sensitivity of the IDEs, designated as D2 to D6,
decreased with an increase in the pitch P (P= W + G) of the IDE
devices and agree with the previous reports.”*” IDEs with the
smallest pitch i.e,, D2 was at least 5.25 times more sensitive than
D6, the IDEs with largest pitch explored in this study. It is
interesting that the sensitivities of IDEs D3 and D4 are relatively
close, although with a larger pitch D4 is expected to have a much
lower sensitivity but a smaller gap between the digits, appears to
be responsible for the enhanced sensitivity of this device. A closer
comparison of different device designs revealed that for a given
pair of devices with relatively close widths (D2/D3 and D4/DS)
the sensitivity was higher for the device with a smaller gap
between electrodes. These results agree with expected perfor-
mance of devices as predicted by the device simulations in our
previously reported work”” concluding the sensitivity will be
higher with a smaller gap. To account for the differences in the
available area of the different devices, the sensitivity per unit area
was calculated and is shown in Figure 2c. The relative aerial
sensitivity of the IDE with the smallest pitch (D2) was 11.2 times
higher than the sensitivity of D6, which is the IDE with the
largest pitch.

Label-Free Biosensor for the Qualitative Detection of
otTG-Abs. Celiac disease is an inherited autoimmune disorder
that affects the digestive process of the small intestine. When a
person who has celiac disease consumes gluten, a protein found
in wheat, rye, and barley, the individual’s immune system
responds by attacking the small intestine and inhibiting the
absorption of important nutrients into the body. Undiagnosed
and untreated, celiac disease can lead to the development of other
autoimmune disorders, as well as osteoporosis, infertility, neu-
rological conditions, and, in rare cases, cancer.*® The incidence of
celiac disease in healthy individuals in the U.S.** is 1 in 133;
however, among the Asian and Hispanic populations it is 1 in
256. The average length of time it takes for a symptomatic person
to be diagnosed with celiac disease in the U.S. is 4 years; this type
of delay dramatically increases an individual’s risk of developing
other autoimmune disorders, neurological problems, osteoporo-
sis, and even cancer. More than 3 million people are affected by
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Figure 2. Device sensitivity comparison for devices D2, D3, D4, DS,
and D6. (a) Curves i—iii shows Nyquists plots for 0.01, 0.001, and
0.0001 M of the redox probe (shown only for device D6 here). The best
fit for each curve (overlapping hollow dots, shown only for curve iii) was
used to determine the R-Ct values for the Randles equivalent circuit
(inset). (b) R-Ct values plotted against the redox probe concentrations.
For all devices, the slopes of the curves were determined from the best fit
equations (shown as a straight lines only for devices D2 and D6 for
clarity) for each curve (shown in the legend) and is termed device
sensitivity. (c) Relative aerial sensitivites (slope per unit area) of
different devices D2—D6 as described in Table 1. Please see the
Sensitivity of Nanogap IDEs section for details.

celiac disease and go as long as 11 years before diagnosis.> More
efforts are required toward developing fast, affordable, and
specific screening methods for this disease. atTG-Abs in serum
is an established biomarker of celiac disease.” We decided to use
atTG goat serum as a model test sample for the qualitative
detection of atT G-Abs antibodies using nanogap IDEs.

For the detection of atTG-Abs in serum, antigen tTG was
immobilized on the electrode surface as described before for
other proteins.”” atTG serum dilutions were prepared in buffer
(PBST) and allowed to interact with the Ag on the electrodes.
The specificity of the detection was confirmed by measuring
activity against a nonspecific Ag (OVA). Data was collected
before and after the binding of the anti-tTG antiserum dilution.

It was observed that R-Ct decreased with increasing dilution of
the serum sample because the amount of available specific atTG-
Abs also decreased with increasing dilution of the serum sample
(Figure 3).

In the case of label-free assays, the R-Ct increased with the
increase in antibody binding on the electrode surface as evident
from the increasing diameter of the semicircular part of the
Nyquist plots with the decreasing dilution of serum (Figure 3a).
At lower serum dilution, more atTG-Abs are available to bind at
the electrode surface. The average maximum R-Ct of 1850 €2 was
determined for the least diluted serum sample, and 490 €2 was
determined at the maximum dilution with a variation observed at
12—18% (Figure 4c). Although the change in signal was propor-
tional to the change in available atT G-Abs in the applied sample,
the observed binding signal increased only 3.75-fold when the
sample concentration changed by S orders of magnitude (i. e
from the least dilution of 10~ to the maximum dilution of 10~
part serum in PBST). The on-chip ELISA assay (Figure 3b)
showed an 8.8-fold (OD 50 nm changes from 0.307 to 2.7) change
in signal over the same range of antiserum dilutions (Figure 3d).
This could be attributed to the activity of enzyme labels.
However, it is clear that the Ab—Ag interaction alone was not
sufficient to design a biosensor sensitive enough to match the
sensitivity observed with ELISA.

Colloidal Gold Nanoparticle (GNP) Labels for Biosensor
Signal Enhancement. Colloidal gold nanoparticles (GNPs)
were employed as labels to enhance the sensor signal in order
to match the larger range of signal change observed with on-chip
ELISA. Colloidal gold was conjugated to protein-A (Pr-A), a
staphylococcal membrane protein that binds very specifically
with the Fc region of IgG Abs. This Pr-A-GNPs conjugate can be
used as a label for this biosensor because Pr-A binds to the Abs
captured on the electrode surface and along with it GNPs also get
established on the electrode surface. The concentration of the
stock solution of Pr-A-GNPs conjugate was characterized by an
ODs,5 am of 4.0, which was used for initial signal enhancement
experiments.

The analysis of signal enhancement with Pr-A-GNPs results
indicated that the colloidal gold NPs were producing a change in
signal that was dependent on the amount of Abs captured on the
electrode surface. Interestingly, the observed R-Ct decreased
after applying Pr-A-GNPs for the low serum dilutions but
showed converse behavior at higher serum dilutions where the
R-Ct increased after the application of Pr-A-GNPs as compared
to the their label-free R-Ct values. For the lowest serum dilution
of 102, the average R-Ct value as calculated from the best fit of
the impedance curve (Figure 4a) was 1520 Q, which decreased
to just about 800 €2 after the apphcatlon of Pr-A-GNPs. For a
higher serum dilution of 10~ , it increased to 850 from 700 Q
after the binding of Pr-A-GNPs. This dual behavior of the GNPs
can be explained by considering the fact that at lower serum
dilution the higher amount of specific Ab is captured on the
electrode surface and so the number of available binding sites for
Pr-A-GNPs is quite high and it is possible that some of the
nanoparticles get trapped and assimilated into the sensing
biomolecular layer itself. The high density of GNPs established
on the electrode surface possibly facilitates a low resistance path
for electron transfer between the electrodes and the redox-active
probe molecules through the network of trapped metallic GNPs
and provides an enhanced surface area for the redox reaction,
as has been reported previously.***” However, at higher serum
dilutions, because of the smaller number of captured Abs, the
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Figure 3. Label-free impedimetric IDEA biosensor assay and on-chip ELISA for the detection of atTG-Abs in diluted serum. (a) Nyquist plots for
different dilutions of serum, with the semicircle diameter increasing with the decreasing dilution of applied sample as the availability of specific Abs
increases. (b) On-chip ELISA, with the developed color increasing with the decreasing dilution of serum samples indicating the presence of more Abs
bound to the electrodes. (c) R-Ct determined by best fitting the Nyquist plots in an equivalent circuit model plotted against the serum dilutions.
(d) Optical density at 450 nm recorded and plotted against the serum dilutions. Please see the Label-Free Biosensor for the Qualitative Detection of
atTG-Abs section for details.
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Figure 4. Signal enhancement using Pr-A-GNPs. (a) The use of Pr-A-GNPs at lower serum dilution (10~>) leads to a decrease in the R-Ct, curves A and
B before and after the binding of Pr-A-GNPs whereas at higher dilution (107°) the R-Ct increases as indicated by the diameter of semicircles in the
Nyquist plots, curves C and D. (b) Cartoon depicting the entrapment and assimilation of GNPs in the sensor layers resulting in a low R-Ct path at high
Ab binding; at low Ab binding, such a possibility is small, leading to an increase in R-Ct. (c) Uniform response of enhanced signal (R-Ct) over the entire
serum dilution range observed when Pr-A-GNP was used at a 1:25 dilution. Curves 1 and 1/,2 and 2, and 3 and 3’ are Nyquist plots for 10~ 10™*, and
102 part serum in PBST. (d) Signal enhancement of R-Ct as determined by fitting the Nyquist plots shown in c using the Randles equivalent circuit
(Figure 3a, inset). Please see the Colloidal Gold Nanoparticle Labels for Biosensor Signal Enhancement section for details.

effective density of the GNPs on the electrode surface is a low-resistance path is lost, thereby acting simply as a larger
much smaller and the networking of metallic NPs that provide barrier to the flow of electrons thorough multiple protein layers,
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Figure 5. Comparison of bioassay sensitivity using ELISA, label-free,
and Pr-A-GNP-labeled biosensors. The readings are normalized with
respect to the maximum signal for each assay. The best linear fit was
determined, and the equations representing the best fit are shown just
below the legends; the slope of the curve from the equations represents
the relative sensitivty of the different assays. The error bars represent SD
(%) values relative to the actual values observed at the respective serum
dilution for that assay. Please see the Comparison of ELISA, Label-Free,
and Pr-A-GNP-Labeled Bioassays section for details.

resulting in a net increase in R-Ct (Figure 4b). This type of
mechanism for the application of GNP-based signal amplification
has been previously reported.>®

Consequently, a dilution of the Pr-A-GNP stock solution of
25-fold was used for all further signal enhancements to reduce the
possibility of entrapping GNPs in the signal-generating layer. It
was observed that at this dilution of Pr-A-GNP solution the R-Ct
increased over the whole dilution range of the serum samples
(Figure 4c). It was observed that at the lowest serum dilution
(10~?) the change in R-Ct jumped to an average of 5110 Q using
the Pr-A-GNP label as a secondary reagent whereas at the highest
serum dilution (10~7) it increased to only 550 & as compared to
label-free biosensor assay values of 1850 € for the former and
490 Q for the latter serum dilutions. It was observed that the
signal was amplified by 175.6% at the lowest serum dilution and
only by 11.2% at the highest serum dilution. Clearly, the signal
amplification is proportional to the amount of antibody captured
at the electrode surface, which is bound to decrease at higher
serum dilutions (Figure 4d).

Comparison of ELISA, Label-Free, and Pr-A-GNP-Labeled
Bioassays. In the label-free format, the biosensor signal (ie., R-
Ct determined by fitting the experimental results to a Randles
equivalent circuit model) changed from 490 Q at the highest
serum dilution (1077) to 1850 Q at the lowest serum dilution
(10™?). Thus, the signal increased by 3.75-fold over an increase
in the sample concentration range spanning S orders of magni-
tude. However, for on-chip ELISA the signal, OD4so nm, in-
creased 8.8-fold over the same concentration range and actually
showed signal saturation at one order of concentration less. It was
clear that Ab—Ag binding alone was not sufficient to produce a
biosensor assay sensitivity comparable to that of ELISA. The use
of Pr-A-labeled GNPs increased the sensor signal, when used at

appropriate concentration. The use of the Pr-A-GNP label
produced an increase in signal of 9.3-fold (from S50 to 5110 )
as compared to 3.75- and 8.8-fold for the label-free bioassay and
ELISA over the same sample concentration range. Thus, the use
of GNP labels brings the biosensor sensitivity closer to that of on-
chip ELISA. The sensitivity of the bioassay is generally measured
by the slope of the curve. To compare the three different
bioassays and their relative sensitivities, the signal values were
normalized with respect to the highest value. Figure S shows the
normalized curves, and a comparison of the slope of the curves
shows that the use of GNP labels increases the biosensor assay
sensitivity from 2.63 to 9.15 (normalized signal/dil), bringing it
quite close to the sensitivity of ELISA at 9.49. ELISA is currently
the gold standard for immunoassay and utilizes a label that is
catalytic, where a single enzyme molecule can produce plenty of
signal-generating events such as the color change from colorless
to blue for TMB/H,0, with HRP as the enzyme label. However,
the nanopartciles offer a one-time amplification per binding
event. The enhanced sensitivity to the level of ELISA is quite
significant for fEIS biosensors and a step toward realizing point-
of-care electrochemical devices that can eliminate the centralized
and sophisticated instrumentation required with ELISA. It
should be noted here that the SD values for ELISA were within
£3 to 5% of the average whereas these ranged from %12 to
18% for the biosensor assay. The impedimetric measurements
are prone to inconsistencies, especially because of temperature
variations. A detailed temperature-based study has previously
been published by our group using impedance spectroscopy and
an interdigitated electrode transducer as a biosensor for DNA
hybridization.® This study compares the DNA hybridization
study in the solution phase and on the interdigitated electrode
sensor. This study concludes that the IDEs are capable of
detecting temperature-induced variations in surface-bound
DNA hairpins within the experimental error over a controlled
temperature range from 30 to 80 °C. However, our current data
represents experiments done in a controlled laboratory environ-
ment at room temperature of 72 °F.

The most sensitive region of detection was determined by ICs,
values (i.e, where the assay signal falls to 50% of the maximum
signal): 0.15 x 10°%098 x 10 % and2.7 x 10 * part serum in
PBST for ELISA, label-free, and GNP-labeled immunoassays,
respectively. These values were determined by solving for x using
the equations of best fit as shown in Figure S with Y = 50. It
should be noted that although the labeling improved the
sensitivity of the sensor by about 350% in terms of slope by
increasing the sensor signal, the lower limit of detection did not
change much. The lower limit of detection is apparently deter-
mined by the functional affinity of the polyclonal Abs in serum
for the immobilized antigen. The reported total Ab concentra-
tion in the goat serum is about 20 mg/mL, and the amount of
antigen-specific Ab in a polyclonal antiserum is reported from as
low as 1% to as high as 24%, with the rest of the pool consisting of
normal circulating antibodies.*® Considering the highest limits,
the concentration of tTG-specific Ab in the serum sample can be
approximated to a maximum of about S mg/mL (i.e., 25% of the
total Abs concentration in serum samples). Thus, the sensor
platform was roughly tried in the range of a S0 ug/mL (or 300
nM at 10~ dilution of serum) to 50 pg/mL (or 3 pM at 10’
dilution of serum) antibody concentration. Although no quanti-
tative measurements were made, a rough estimation of the
dynamic detection range of the sensor would be in the 30 pM
to 30 nM antibody concentration. We do not claim here to have
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developed a biosensor for celiac sprue, and the choice of the
Ag—AD binding model used here is just coincidental. The efforts
to make a multiplexed impedimetric biosensor for the detection
of immune -related disorders are being pursued in our laboratory.

IV. CONCLUSIONS

Gold nanoparticles, together with nanogap IDEs, were utilized
to demonstrate the enhancement in the biosensor sensitivity. To
achieve this, first the effect of geometrical electrode parameters
on the sensitivity of IDEs was investigated. It was observed that
for IDEs with a constant length having similar widths and heights
the gap between the electrodes played a major role in determin-
ing the sensitivity of the IDEs to the electrochemical environ-
ment. Overall, the aerial sensitivty of IDEs decreased with
increasing pitch of the devices. IDEs were used as biosensors
using faradaic EIS as a detection technique with atTG-Abs in
serum that are used for the detection of celiac disease as a target
analyte. The sensitivity of the IDEs for the label-free detection of
the serum biomarker for celiac disease was found to be lacking
compared to ELISA, although the sensor and ELISA showed
comparable lower limits of detection. Gold nanoparticles were
employed as labels to enhance the sensitivity of IDE devices
further. It was found that the sensitivity depended on the gold
nanoparticle concentration: the smaller concentration of gold
nanoparticles increased the sensitivty by 350% over that of the
nonlabeled sensor, with an expected dynamic detection range of
the sensor in the 30 pM to 30 nM range of Ab in the sample. A
comparison with on-chip ELISA showed a comparable lowest
detection limit with label-free and GNP-labeled biosensors,
whereas the use of GNPs has increased the sensitivity to the
level of ELISA. To date, we have not done a detailed study on the
effect of nanoparticle size; however, our group is actively pursu-
ing the evaluation of different nanomaterials that can provide
more efficient signal amplification as compared to that of metallic
GNPs. The primary results for such an evaluation have been
reported elsewhere.*' Nanoscale materials with varied physico-
chemical properties such as nonmetallic semiconducting (CdS,
CdSe, etc.) or dielctric (SrTiO3, SiO,) and organic (polystyrene,
graphene oxide) were compared using standard immunoassay
conditions provided by immobilizing normal Abs on the IDEs
and Pr-A-NM as the label. The sensitivity may be increased
further by using other nanomaterials such as Pr-A-CdS that show
a signal amplifictaion that is more than double what is achieved
with Pr-A-GNPs under comparable bioaffinity binding studies.
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© Ssupporting Information. Detailed e-beam lithography
(EBL) and UV-photolithography (UVPL) procedures and
figures showing the fabrication stages of the nanogap-interdigi-
tated electrodes. This material is available free of charge via the
Internet at http://pubs.acs.org.
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