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Abstract— We present a novel method for label-free detection of tumor necrosis factor alpha (TNF-«) in serum after
immobilization by electric field. Detection of proteins in blood using label-free impedance-based techniques is difficult due
to high salt concentration of the matrix, which results in charge screening. The nanowell array sensor provides enhanced
electrochemical sensitivity by electric field focusing in the nanoscale volume wells. Here, an on-chip multiwell plate sensing
platform was fabricated and tested. The sensor performance through testing in mouse serum at protein concentrations
between 10 and 500 ng/l has been demonstrated. This detection modality is advantageous to many label-free electronic
sensors in that signal power scales will increase in salt concentration, thus improving the sensitivity of the platform.

Index Terms—Chemical and biological sensors, biosensors, electrochemical impedance spectroscopy (EIS), label free, nanowell, protein.

I. INTRODUCTION

Measurement of various specific proteins in body fluids can be a key
component of continuous health monitoring. The common techniques
for protein quantification usually rely on labeling and optical fluo-
rescence [1]. As an alternative approach, electrochemical impedance
analyses have been recognized as a powerful tool for different types
of sensor applications due to significant advantages, such as inherent
simplicity, rapid response, high sensitivity, and low cost [2].

In the field of biosensors, electrochemical impedance spectroscopy
(EIS) based sensors are known as promising candidates since they ben-
efit from ease of miniaturization, reliability in detecting biomarkers,
and label-free operation. These sensors are particularly well-suited to
detect binding events on the transducer surface, which makes them
ideal candidates for detection of deoxyribonucleic acid (DNA) and
proteins [3]. One drawback of these sorts of microsystems is that
direct immobilization of antibodies on the electrode surface impedes
the repeated use of impedance biosensors and causes problems in
their calibration due to random antibody orientation and subsequent
decreased availability of antibody active sites [4]. Therefore, strategies
such as particle-based impedance sensing have been proposed that
involve magnetic beads or gold nanoparticle labeling to reuse the
sensor [5]. However, sensitivity in these systems is usually low, and the
labeling process detracts from the primary goal of label-free detection.

Multiwell plate assays present suitable conditions for screening
biological or chemical libraries in static fluid environments in which
many samples can be analyzed in parallel [6]. These platforms can
be combined with impedance-based biosensors to improve both the
sensitivity and efficiency, since it promotes attachment of antibody
to the electrode surface and enables simultaneous detection of dif-
ferent analytes by immobilizing their respective ligands on separate
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electrodes [7]. Moreover, these assays can provide real-time analysis
of cells in culture without the need for enzymatic stripping, fluorescent
dyes, fixatives, or other perturbations [8].

Here, the nanowell array electrodes were designed as a platform to
carry out the dual functions of electric field antibody immobilization
and providing a highly sensitive EIS platform. The electric field
focusing [5], [9] was employed to immobilize probe antibody more
uniformly to minimize the unwanted nonspecific binding or aggrega-
tion of antibody molecules inside the nanowells [4]. In this article,
a wafer-scale sensing configuration with 40-nm-electrode gap has
been described. The presented nanowell array functionalized biosensor
demonstrates a dynamic range of 10-500 ng/1 for tumor necrosis factor
alpha (TNF-«) in mouse serum with a limit of detection of 10 ng/l.
Robust performance through repeated testing in mouse serum was
determined by extracting a calibration curve.

II. NANOWELL ARRAY SENSOR

The nanowell array biosensors have significantly improved label-
free detection by providing highly sensitive analyses [10], [11]. In
the current study, the designed sensor is comprised of a 20 x 20
um? overlap area at the tip of the two confronting electrodes with 25
individual nanowells. The sensor was fabricated by patterning gold
electrodes on a glass substrate. Connection pads are fabricated on
opposing sides of the chip with traces leading to the center of the chip.
The two electrodes overlap with each other and are separated by a thin
aluminum oxide layer. The micropatterned holes expose the bottom
electrode to the test solution and the probe antibody of tumor necrosis
factor alpha (anti-TNF-«) can be immobilized inside the nanowells by
the electric field focusing.

Fig. 1 shows the assembled device and a schematic of the nanowell,
comprising a pair of gold electrodes, separated by a 40-nm insulator
layer. The entire chip consists of 28 sensors in separate polydimethyl-
siloxane (PDMS) wells. Binding of target antigen will modulate
the impedance between the electrodes, resulting in a change in the

1949-307X © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: University of Pennsylvania. Downloaded on May 21,2021 at 02:14:59 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-8920-9227
https://orcid.org/0000-0003-3963-6359
https://www.ieee.org/publications_standards/publications/rights/index.html

4500104

|IEEE
VOL. 4, NO. 2, FEBRUARY 2020 [XS¥SI Letters|

Connectlon// o Bottom
pad A -

Electrode

Nanowell array Top

Electrode

20 pm

Insulator layer Top electrode

<o

YYYVVVYY
Bottom electrode
2cm

Glass

Fig. 1. Entire multiwell plate chip and a schematic view of the 2-um
array sensor. The sensor is comprised of an array of 25 nanowells
etched on the overlapping electrode surface.
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Fig. 2. Fabrication steps of the naowell array sensor. Cross-sectional
views of the micropatterned wells on the overlapping region. (a) Pat-
terning the bottom gold electrode, (b) ALD of interelectrode aluminum
oxide layer, (c) patterning the top gold electrodes, (d) ALD of second
layer of aluminum oxide, and (e) ion milling step to create the nanowell
array.

impedance spectra due to partial occlusion of charges passing between
the two electrodes. Higher salt concentration results in larger current,
thus higher signal power corresponding to larger changes in current
due to protein binding, making the sensor ideal for quantification of
proteins in high salt content matrices, such as serum [12].

In the nanowell array sensor, most of the gold electrode area is
covered with an aluminum oxide layer such that only a limited surface
of the electrodes is exposed to the test solution inside the nanowells.
Therefore, this geometry would limit the amount of probe antibody
molecules inside the nanowell and thus can provide more sensitive
detection of surface binding events. Furthermore, the small surface of
the electrodes can improve the sensitivity by concentrating the electric
field into a small volume inside the nanowells. Moreover, electric field
immobilization can align antibody molecules along the electric field
to enhance the sensor performance [13].

lll. MATERIALS AND METHODS

The processing steps of the sensor structure are demonstrated in
Fig. 2. First, a bare fused silica wafer (University Wafer, South Boston,
MA, USA) was cleaned by oxygen plasma. Then, a layer of 150-nm-
thick gold was deposited on the wafer by e-beam evaporation and
patterned by lift-off, yielding the bottom layer electrode. Atomic layer
deposition (ALD) was used to deposit a 40-nm-aluminum-oxide film as
an interelectrode insulator. The top gold electrode, the interconnecting
lines, and the connection pads (150 nm) were patterned using the
same method as for the bottom layer electrode. Five-nm layers of
chromium and aluminum were coated by e-beam and thermal evap-
oration, respectively, to enhance the adhesion of the gold electrodes
and the aluminum oxide layer to their corresponding substrates. Next,

another 40-nm passivation layer of aluminum oxide was deposited on
top of this structure by ALD. Finally, the nanowells were patterned in
the overlapping part of the two electrodes and etched by ion milling
to fabricate the nanowell array. Gold connection pads of the bottom
electrodes were protected by small pieces of Kapton tape during the
entire fabrication procedure. Thereafter, a PDMS block with 28 holes
was bonded to the wafer by oxygen plasma treatment to fluidically
isolate each sensor pairs and to create the multiwell plate design (see
Fig. 1).

EIS experiments on the sensors were performed using a potentiostat
(Gamry Reference 600, Gamry Instruments, Warminster, PA, USA)
in a two-electrode configuration. Before EIS testing, the wells were
washed with ethanol, deionized water and phosphate buffered saline
(PBS) to remove any contamination or dielectric material from the sen-
sor surface. A lock-in-amplifier (HF2IS-MF multifrequency, Zurich
Instruments, Zurich, Switzerland) is used to apply voltage and monitor
the impedance across the electrodes continuously in realtime. In each
set of experiments, the EIS measurements were first conducted in
20 uL of PBS, and then, by EIS measurement and real-time impedance
monitoring, it was ensured that small additions of PBS do not impact
the impedance after reaching a plateau. After stabilization of the
impedance signal, anti-TNF-« (40 uM in 1x PBS; MW~150 kDa;
R&D Systems, Minneapolis, MN, USA) was added into the PDMS
well and immobilized by applying 100 mV at 100 kHz for about 20 min.
Addition of the same volume of PBS was recorded on a separate sensor
to compare the real-time response of the sensor.

After functionalizing by anti-TNF-«, the EIS spectra were recorded
to ensure the antibody attachment on the electrode surface inside the
nanowells. 2 uL of blank PBS and nonspiked serum (Sigma Aldrich,
St. Louis, MO, USA) was inserted into different fluidic cells as negative
control. The purpose of this step is to remove the possible effects
from PBS and serum in the sensor measurements because anti-TNF-
« and TNF-o were diluted in 1x PBS. Finally, the target cytokine,
TNF-a0 (MW~17.3 kDa; R&D Systems, Minneapolis, MN, USA),
was suspended in concentrations ranging from 10 to 500 ng/l. The
target cytokine buffer at a concentration of 0.2 mg/ml (in 1x PBS)
was mixed with pure mouse serum before each experiment. For each
step, complete stabilization and recording of the spectra across the
electrodes took less than 30 min.

At each stage of fluid addition, impedance measurements were con-
ducted in 10-mV amplitude between working and counter electrodes
using a frequency range 100-1000000 Hz to produce EIS curves.
Sensors were isolated from external electromagnetic interference us-
ing a Faraday cage, significantly reducing external interference and
allowing for reliable measurements. EIS parameters were generated by
fitting the data to the Randles’ equivalent circuit model using Gamry
Electrochem software. Every addition test was conducted three times to
obtain averaged results. The obtained impedance data were converted
to capacitance values using C = —1/wZ’, where C is the capacitance,
is the angular frequency, and Z' is the imaginary part of the impedance.

IV. RESULTS AND DISCUSSION

Fig. 3 shows low and high magnification images of the sensor
electrodes, confirming the successful formation of nanowells on the
overlapping electrode surface by the ion milling process. An array
of 2-pum-well is embedded into the overlapping area to create a
conductive path between the top and bottom electrodes via the test
solution. The chip contains 28 sensors that can be used to do highly
selective multiplexed detection of protein in parallel experiments.

Here, EIS measurements were performed to detect target cytokine
in mouse serum at low concentrations. These spectra in the form of
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Fig. 3. Microscopic images of fabricated sensors at low and high
magnifications, showing the produced array of nanowells at the tip of
the two confronting electrodes.
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Fig. 4. (a) EIStestingin 1x PBS. The inset shows the fitted equivalent

circuit Randles model, and the resulting values based on the fitted data.
(b) Real-time monitoring of stabilization time with a lock-in-amplifier at
100 kHz, (c) Nyquist plots, and (d) polarization resistance (R,,) and dou-
ble layer capacitance (Cq) of the sensor before and after anti-TNF-«
attachment.

Nyquist plots can be fitted to a Randles’ equivalent for interpretation.
EIS test was initially performed in the purified buffer. The EIS data after
20 uL of 1 x PBS was introduced onto the washed electrodes are shown
in Fig. 4(a). By fitting the experimental data into the Randles’ model,
the components of the model can be derived as presented in the inset.
The listed parameters include solution resistance (R;), polarization
resistance (R, ), double-layer capacitance (Cq ), and Warburg element
for diffusion (W). In Fig. 4(a), the high-frequency region shows a
small incomplete semicircle, whereas the medium- and low-frequency
ranges of the graph show a Warburg-type impedance behavior, which
can be related to the diffusion of ions within the solution [14].

Prior to any insertion tests, nanowells were functionalized with
antibody by applying a voltage across the electrodes. The real-time
impedance measurement of anti-TNF-« immobilization is illustrated
in Fig. 4(b). On a different device, real-time impedance monitoring
was also performed with blank PBS addition to be compared with
anti-TNF-o curve. In both conditions, the impedances across the
electrodes decrease immediately due to the increased conductivity
of the solution, which are marked with arrows. However, physical
immobilization of the antibody inside the nanowells increases the
baseline over a time period of several minutes and reaches a plateau by
15 min. The EIS plots of the sensor recorded before and after antibody
functionalization are shown in Fig. 4(c), and the derived values for R,,
and Cy are illustrated in Fig. 4(d). The increase in R,, is consistent with
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Fig. 5. (a) Nyquist plots and (b) polarization resistance R, and double
layer capacitance Cyq measured in three separate experiments; target
protein concentration is 500 ng/l.

—e-10 ng/L
1000 | —*-50ng/L 30 ——
—=-100 ng/L —
__ 800 | —*-200ng/L z
g ~o-500 ng/L S 2
3, 600 | —o-Antibody =
<15
400 10
200 5
0 o
0 10 20 30 40 50 60 70 80 o 100 200 300 400 500 600
7' (kQ) TNF-a concentration (ng/L)
(a) (b)
Fig. 6. (a) EIS response to the sample spiked with target protein

at different concentrations. EIS measurement of the functionalized
biosensor is also included. (b) Calibration plot showing the change of
polarization resistance as a function of the different concentrations of
target protein.

the presence of antibody in the nanowells, which reduces its surface
conductivity. The obtained results from circuit fitting also showed that
the immobilization of antibodies in the nanowells did not effectively
change the double layer capacitance, nor the Warburg impedance,
similar to observations in [15] and [16].

After functionalization of the patterned electrode, we evaluated the
ability of the biosensor to detect TNF-« protein in mouse serum. There-
fore, three identical biosensors were exposed to additions of blank PBS
and spiked and nonspiked mouse serum in parallel measurements.
For negative control experiments, we used both PBS and nonspiked
serum, since the target protein was diluted in PBS. The EIS response
of the biosensor to different fluid additions are presented as Nyquist
plots in Fig. 5(a). Also, the results for the generated R, and Cy are
shown in Fig. 5(b), where R), is the parameter used to evaluate analyte
biosensor binding in the experiments, which indicate a difference in the
dielectric or conductive properties of the electrode surface [17], [18].
For the negative control test, when serum containing no protein was
added into the fluidic cell, aside from the small decrease in the double
layer capacitance, polarization resistance did not increase noticeably.
This demonstrates the capability of the nanowell array sensor to detect
serum spiked with 500 ng/l of TNF-«. Also, the slight decrease in the
capacitance by serum addition can be associated with the changes in
the total ionic concentration of the solution.

In Fig. 5, similar to antibody immobilization, the most significant
change was found in the polarization resistances. For the negative
control step, when blank PBS was added into the fluidic cell, almost
no change in R, and Cg was observed. As shown in Fig. 5(b), al-
though serum addition to PBS medium slightly decreases the solution
resistance, probably due to high salt concentration of complex bio-
logical species, the serum control addition also does not significantly
change R,,.

A titration experiment was performed to determine sensor response
as a function of analyte concentration in serum. The Nyquist plots of
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impedance spectra with various concentrations of TNF-« in serum are
shown in Fig. 6(a). Fig. 6(b) shows the calibration plot that corresponds
to the values of R, differences (AR),) of the biosensor before and after
the spiked serum addition. As seen in Fig. 6(b), the sensor shows a
linear trend at concentrations lower than 200 ng/l. Considering the
blank and the signal fluctuation, the detection limit for the binding of
TNF-« on the system is found to be 10 ng/l.

V. CONCLUSION

In this article, we presented a nanowell array impedance sensor
for label-free detection of cytokines and other biomarkers. The elec-
trode structure is composed of two opposing electrodes such that the
overlapping region of the two electrodes is separated by a thin oxide
layer and micropatterned with holes that expose the bottom electrode
to solution. By monitoring the impedance across the electrodes after
sensor functionalization with antibody, we recorded the EIS measure-
ments at each stage of the fluid additions. Fitting the data to Randles’
equivalent circuit model demonstrated that reliable detection of TNF-«
is possible at a dynamic range between 10 and 500 ng/l. Negative
control measurements were performed using blank mouse serum and
PBS to ensure that sensor fouling did not result in false positive
signals.
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