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Integrated dielectrophoretic and
impedimetric biosensor provides a template
for universal biomarker sensing in clinical
samples

The detection and quantification of nucleic acid and proteomic biomarkers in bodily flu-
ids is a critical part of many medical screening and diagnoses. However, majority of
the current detection platforms are not ideal for routine, rapid, and low-cost testing in
point-of-care settings. To address this issue, we developed a concept for a disposable uni-
versal point-of-care biosensor that can detect and quantify nucleic acid and proteomic
biomarkers in diluted serum samples. The central tenet of sensing is the use of dielec-
trophoresis, electrothermal effects, and thermophoresis to selectively and rapidly isolate
the biomarkers of interest in electrodes and then quantify using electrical impedance.
When the sensor was applied to quantify microRNA and antigen biomarker molecules
directly in diluted serum samples, it produced a LOD values in the M range and sensi-
tivity values from 10'? to 10" /M with a 30 min assay time and assay cost of less than

$50 per assay.
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1 Introduction

Circulating biomarker testing is a commonly used screen-
ing and diagnosis method for diseases such as cancer, car-
diovascular disease, and infections [1-3]. Nucleic acid (e.g.,
DNA, micro-RNA [miRNA]) and/or protein (e.g., antigen)
biomarker molecules are common targets found in bodily
fluids (e.g., blood or serum) [1-6]. Currently, detection of
these biomarkers utilizes multiple assays and instruments
dedicated to each type of molecules. For example, expres-
sion profiling of nucleic acid biomarkers is commonly per-
formed using quantitative PCR (qPCR) [7,8]. In addition,
next-generation sequencing-, microarray-, electrochemical-
, plasmonic-, and hybridization-based nucleic acid sensors
have also been utilized to a lesser degree [9,10]. The ELISA
is used for antigen expression profiling [11]. In addition,
lateral flow immunoassays are also used in the antigen
detection [12]. The suitability and applicability of these
biomarker detection methods for routine biomarker testing
in point-of-care settings is questionable because they are
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semi-quantitative, complex and multistep assays, time con-
suming, costly, and need trained staff and expensive equip-
ment.

The miniaturized devices have been revolutionizing
many areas of biology, biomedical engineering, and clinical
research [13]. Miniaturization provides excellent avenues
for increasing the performance and reducing the assay cost
and time. Therefore, miniaturized devices are attractive to
point-of-care applications. For example, dielectrophoresis
and magnetophoresis-based miniaturized devices have
been successfully utilized to quickly manipulate, separate,
concentrate, and detect clinically important biological cells
(e.g., circulating tumor cells) [13]. In addition, low-cost
miniaturized devices were also developed to detect and
quantify nucleic acid and antigen molecules. Majority of
these sensing devices utilize qPCR and ELISA assays to
detect/quantify nucleic acid or antigen biomarkers [14,15].
Therefore, all most all-technical issues (e.g., low sensitivity,
high cost) associated with qPCR and ELISA were inherited
to these devices. One potential avenue to address this issue
is to investigate a viable point-of-care sensing concept that is
outside qPCR and ELISA. In this work, we have developed
a template for miniaturized universal biosensor that can
detect and quantify both nucleic acid and antigen biomark-
ers. Below, we discussed the basic concept of the universal
biomarker-sensing device and underlying physics of sensing.
Finally, to demonstrate the proof-of-concept, we applied the
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Figure 1. Universal biomarker sensing device and calculated di-
electrophoretic capture region of target (miRNA-DNA duplex)
and nontarget (free miRNA or DNA) molecules. The capture re-
gion satisfies %aEz > kT. (A) A picture of the biosensor used in
the experiments. The area enclosed in the yellow rectangle with
broken line has an array of T-shaped interdigitated microelec-
trodes (TIEs). (B) Scanning electron microscope image of TIEs
that shows the shapes of individual electrodes and the density
of TIEs. Interelectrode gap or distance between half-circular elec-
trodes is 10 pm. (C) Illustrate the steps of the sensing method.
Note that circle drawn in white color (step 2) indicates the conju-
gated molecular concentrating area in an individual TIE. (D and E)
Dielectrophoretic capture regions that were determined by calcu-

lating ( %Zfz ) around the TIEs for miRNA-DNA (C) and DNA and
miRNA molecules (D). Note that ( %Z

2
f ) is a unitless quantity.

device to quantify spiked miRNA and antigen molecules in
diluted serum samples. Both miRNA and antigen molecules
are commonly used biomarkers for many diseases.

The universal biomarker detection and quantification
assay has three steps: step (1) was performed in a commer-
cially available micro-centrifuge tube, and the other steps
(steps 2 and 3) were performed on the disposable device that
we developed for this study (Fig. 1A). Traditional finger-like
interdigitated electrodes have been used in a number of
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biomedical assays, including cell separation, cell detection,
and molecular analysis assays [16-20]. However, in this
study, we designed T-shaped interdigitated electrodes (TIEs)
that are consisting of semi-circular and straight rectangular
electrodes (Fig. 1B) to efficiently separate and concentrate
target biomarker molecules. T-section of the TIEs has a
half-circular feature and a straight electrode in the middle.
This unique feature was used to produce local hotspots with
larger temperature and electric field gradient than traditional
interdigitated electrodes. In addition, TIEs were used to
concentrate molecules in very smaller area (~150 um?),
which is important to accurately detect very small molarities
of target molecules. In comparison, traditional interdigitated
electrodes (20 pm x 1 cm) would have a molecular con-
centrating area that has 1000 times greater than the TIEs.
Fig. 1C illustrates the steps of the universal biosensor.

In step (1), target biomarker molecules of interest were
conjugated/hybridized with their complementary molecules
(Fig. 1C). For example, to analyze the expression of miRNA
molecules that are typically about 22 nucleotides (nt) long,
DNA molecules (22 nt) that were complementary to the tar-
get miRNA were added to the sample (e.g., serum) and hy-
bridized with the target miRNA to produce miRNA-DNA du-
plex molecules. Similarly, to detect and quantify the expres-
sion of antigen molecules, complementary monoclonal an-
tibody molecules were added to the sample and conjugated
with target antigens.

In step (2), separation of the labeled target molecules
from nontarget molecules were performed and subsequently,
target molecules were concentrated in T-section of the TIEs.
Speedy separation of target molecules from other molecules
with high accuracy is generally difficult to achieve and several
methods and devices have been investigated for this pur-
pose; however, these methods require complicated multistep
assays that take hours to days to complete, as well as skilled
technical personnel, and therefore they are not suited to clin-
ical settings [21,22]. In this study, we developed an approach
that uses multiple molecular-field (electric and tempera-
ture) interactions to efficiently separate target molecules
from other molecules in the sample and selectively concen-
trate labeled target molecules (e.g., miRNA-DNA duplex
molecules) between T-section (or semicircular and rectangle
part). The external AC potentials applied on the TIEs produce
temperature and electric fields with their gradients that have
maximum values near the TIE electrodes. The molecular
interactions with temperatures, electric fields, and their
gradients produce electrothermal effects (or electrothermal
flow), thermophoresis, and dielectrophoresis. The extent
(magnitude and direction) of those effects could depend
on the molecular structure of the affected molecules (e.g.,
conjugated vs. not conjugated and single-stranded vs. double-
stranded) [23]. We have utilized these interactions to separate
the conjugated molecules (or target molecules) from other
molecules (nontarget molecules) and concentrate them on
the TIEs.

In step (3), the concentrated target molecules in
the TIEs were quantified (Fig. 1C). There are multiple
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methods available for molecular quantification. For example,
fluorescence-based methods are very popular and widely
used for detecting molecules [24]. Detection of molecules
with fluorescence requires that target molecules be labeled
with fluorophores and fluorescence intensity is used to
quantify the biomarker molecules. Since the concentra-
tions of target biomarker molecules are typically minute
(<1 pM) in clinical samples, in fluorescence-based quan-
tification methods, the fluorescence intensity is generally
weak and it is therefore difficult to differentiate between the
fluorescence intensity of the target biomolecules and the
background level of fluorescence. To address this issue, in
this work, we investigated the use of electrical impedance
[25,26]. Moreover, we have investigated the use of electrical
impedance to quantify the target molecules concentrated
in TIEs.

2 Materials and Methods
2.1 Device fabrication

The device has planar gold microelectrodes that were manu-
factured on a commercially available glass substrate via tra-
ditional photolithography-based microfabrication techniques
and details can be found elsewhere [17]. The current ver-
sion of the device has about 2500 pairs of T-shaped inter-
digitated electrodes (TIEs; ~100 nm in height) covering a
5 mm x 5 mm area. The diameter of the half circular sec-
tion of the T-electrode is 20 wm and the width of the metal
is 10 pm.

2.2 Labeling miRNA and antigen molecules with
complementary molecules

The hybridization of miRNA and DNA was done at 50°C
and hybridization time of about 10 min were required to
label all the target miRNA molecules [27]. Similarly, to
conjugate antigen molecules with complementary mon-
oclonal antibody molecules, antibody molecules were
added and incubated at room temperature for about
20-30 min [28].

2.3 COMSOL simulations

AC/DC module was used. Briefly, electrodes were drawn to
scale, and electric fields, field gradients (V|E?|), and capture
regions were calculated. These calculations were performed
by applying an electric potential of 10 Vpp (1 MHz frequency)
and assuming that the molecules were suspended in the
0.01x TE buffer (Tris EDTA; 5 wS/cm). Electric polarizability
(«) for the miRNA-DNA duplex and free DNA/miRNA in
the high frequency (1-50 MHz) condition were 10732 and 3.4
x 10735 C/Vm?, respectively [29]. We used the Joule heating
module and calculated the temperature (T), temperature
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gradient (V(T)), and time-dependent temperature increase
near the TIEs. Briefly, in calculations, electrodes were drawn
to scale and applied sinusoidal 10 Vpp (at 1 MHz) to the
electrodes, the geometry was meshed (extremely fine mesh;
maximum element size 1 wm, minimum element size
0.01 pm) using a free triangular mesh and finally calculated
the T, (V(T)), E%, and (E*VT) near electrodes.

2.4 miRNA and antigen targets

We have selected commercially synthesized MIRLET? (let-7b;
Midland Certified Reagent Company at Midland, TX) miRNA
and interleukin-6 (IL-6; BioLegend, San Diego, CA) antigen
molecules for detection experiments, as they are biomarkers
for number of diseases [30,31].

2.5 Fluorophore-labeled miRNA and antigen
detection

We used fluorophore-labeled (fluorescein: excitation, 494 nm;
emission, 512 nm) nucleic acid (miRNA-DNA and DNA)
and protein (antigen—antibody and antibody) molecules in
these experiments for easy visualization. Experiments were
performed separately for target (e.g., miRNA-DNA) and
nontarget molecules (e.g., complementary DNA). Briefly,
in the experiments, we pipetted 1 wM solutions of target
or nontarget molecules suspended in 0.01x TE buffer and
pipetted about 10 pL of the molecule solutions on TIEs,
turned on the electric potential (10 Vpp; 0-10 MHz), waited
about 10 min to dry, and recorded a fluorescence image of the
electrode. The histogram graphs of the fluorescent intensity
for each sample image were plotted (Image]). Then the total
enhanced fluorescence intensity was calculated by multi-
plying the intensity values above the 100 (101-255) by the
corresponding pixel count in the histogram and taking the
sum of the multiplication. Similarly, antigen and antibody
molecules were suspended in 0.01x PBS solution and the
rest of the experimental procedure was similar to that of the
previous nucleic acid experiment.

2.6 Impedance experiments

Commercially available impedance analyzer (Gamry 600;
Warminster, PA) was used in the experiments. First, 10 nL
of sample was pipetted on the electrodes, applied electric po-
tential with appropriate frequency (e.g., 10 Vpp, 1 MHz for
miRNA), and waited about 10 min to concentrating target
molecules in TIEs and to dry the liquid. The total impedance
and phase spectroscopy of the sample were recorded by ap-
plying an electric potential of 10 mV (0-1 MHz). We then
plotted the variation of the total impedance and phase angle
of the impedance against the frequency for each molecular

type.

www.electrophoresis-journal.com



Electrophoresis 2021, 42, 1060-1069
2.7 miRNA detection in 0.01x TE buffer

We spiked let-7b miRNAs of known molarities to 0.01x TE
buffer, hybridized let-7b miRNA with complementary DNA
molecules, pipetted about 10 nL of sample onto the device,
and performed impedance experiments.

2.8 miRNA and antigen detection in serum samples

We have separately spiked commercially available serum
samples (Innovative Research, Novi, MI), which were diluted
with nuclease free water (ThermoFisher Scientific, Waltham,
MA) to 1/100 and 1/1000 dilutions, with different let-7b
miRNA molarities (0-1 nM) that were produced by diluting
stock samples with nuclease water. We then hybridized let-7b
with complementary DNA molecules (1 ng), pipetted about
10 kL of sample on the electrode, applied 10 Vpp (IMHz) po-
tential, waited about 10 min to dry the sample, and performed
impedance experiments as outlined above. Similar procedure
was used to quantify IL-6 antigens. Briefly, first, antibody and
antigen molecules were mixed at the ratio of 10:1 in 0.01x
PBS buffer. The mixture was briefly mixed by vortexing, and
the sample was kept in the ultra-rocker at room temperature
for about 20 min. The sample was then added to the 1/100
or 1/1000 diluted serum samples (diluted with nuclease free
water), 10 pL sample was pipetted on the electrode, applied
10 Vpp (625 kHz), waited about 10 min to dry the sample, and
performed impedance experiments. Finally, LOD and sensi-
tivity values were calculated.

3 Results and Discussion

We have used miRNA detection as a model to demonstrate
the molecular separation and concentration using electric
fields and temperature. First, we theoretically investigated
the use of dielectrophoretic force to separate labeled target
molecules (e.g., miRNA-DNA) from other molecules (e.g.,
free DNA, miRNA) in the entire sample and concentrate the
target molecules in the TIEs. We calculated the expected cap-
ture region for labeled biomarker molecules (miRNA-DNA
duplex molecules) and single-stranded molecules (free DNA
and miRNA). The capture region is the volume near TIEs
(very close to the TIEs; Fig. 1D and E), where the electric field
effectively captures the molecules by dielectrophoresis [27].
Mathematically, capture region is the region near the elec-
trodes that satisfies

laE?
kT
where E is the electric field, k is the Boltzmann constant,
and T is the temperature [27]. Figure 1A shows a picture of
the device. Rectangle with yellow colored broken lines shows
the sensing area. Figure 1B shows the scanning electron mi-

crocopy image of TIEs. Figure 1D and E shows the calcu-
lated capture regions in the frequency of 1 MHz for labeled

> 1,
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biomarker molecules (miRNA-DNA) and other molecules
(DNA and miRNA), respectively. The calculation show that
miRNA-DNA molecules have a half spherical capture re-
gion that has an approximate diameter of 5 pm and single-
stranded miRNA/DNA molecules have a smaller capture re-
gion that has a diameter value of about 10 nm or less. Ac-
cording to this calculation, miRNA-DNA molecules that are
located within about 5 wm of the electrodes could experi-
ence the effects of the applied electric fields or the dielec-
trophoresis, and similarly, single-stranded molecules that are
located within 10 nm or less of the electrodes could experi-
ence the dielectrophoretic effects. This is an issue because di-
electrophoretic force could be used to concentrate molecules
from a very small volume of the sample; this might provide
inaccurate results about the total quantity of target molecules
or even produce significant variations between runs.

The thermophoretic mobility is a result of thermophore-
sis, which drives molecules along temperature gradient
(V(T)), either to the largest or smallest V(T'). A temperature
distribution or V(T') can be established by applying a voltage
to the electrodes. Braun’s group recently demonstrated that
thermophoresis drives short nucleic acid molecules, such as
miRNA-DNA and DNA, along V(T) and concentrates both
target (miRNA-DNA) and nontarget (complementary DNA)
molecules in the location with the highest V(T) or near
the electrodes [32]. In addition, Morgan’s group has demon-
strated that when nonuniform electric fields and V(T) pro-
duce a body force called electrothermal force (Fz) on the
buffer and subsequently produce electrothermal flow [33,34].
Suspended molecules in the buffer experience electrothermal
drag force and flow with the buffer. The electrothermal flow
has been utilized to flow beads and biomolecules in microflu-
idics devices [33,34]. The magnitude of the electrothermal
drag force is proportional to E2V(T) [33,34]. The exact magni-
tude of the drag force is dependent on whether the frequency
of the applied electric field is below or above the character-
istic frequency (wo) of the electrothermal process. Typically,
wy = Z , where ¢ and € are conductivity and dielectric con-
stant of the buffer, respectively [33,34]. The use of electric field
and temperature (by Joule heating) are attractive to point-
of-care applications because they can be produced with ex-
ternal AC potentials. Furthermore, there are no complicated
steps or pumps or complex instrumentation associated with
these methods. To understand how these phenomena could
be used for molecular concentrating near electrodes, we have
developed series of COMSOL calculations.

First, we studied the temperature produced by the
electrodes (Fig. 2A). We found that an electric potential of
10 Vpp (1-20 MHz) applied on TIEs produces a maximum
temperature increase of about 10 K in the 0.01x TE buffer
(conductivity = 5 pS/cm). We verified these temperature
values by manually recording the temperatures. This tem-
perature increase does not cause any structural damage to
the molecules, such as the melting of miRNA-DNA duplex
molecules or antigen—antibody conjugates. The electrother-
mal effects on molecules are weak in this low conductivity
buffer. Fuhr et al. have shown the electrothermal pumping
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Figure 2. Conceptual demonstration of molecular separation and concentration between TIEs. (A) Calculated time- and distance-
dependent (in x-z plane) temperature distribution around TIEs. Note that the sample volume gradually decreases with time, but locations
of high- and low-temperature gradients do not change. (B) Calculated V(T) variation at x, y, z= 0 (or TIE plane). (C) Calculated V(E?2)
variation at x, y, z= 0 (or TIE plane). (D) Variation of E2VT at x, y, and z= 0 plane (TIE plane).

at about 90 S/cm, which is one of the lowest conductivities
reported for electrothermal effects [35]. Temperature calcu-
lation demonstrates that there is V(T) extending to more
than few millimeters from the electrodes in the early stage
(time < 5 min; Fig. 2A). Therefore, thermophoretic mobility
and weak thermophoretic effects concentrate molecules
drive molecules near the electrodes in early stage (time
< 5 min). Moreover, during this time, majority of molecules
are located outside capture region of miRNA-DNA. These
molecules will be brought to the capture region by strong
thermophoretic mobility and weak electrothermal drag force.

As the buffer temperature increases (time
> 5min), some of the sample buffer evaporates and the
volume is drastically decreased (Fig. 2A). We have found
that initial volume of the buffer was reduced by more
than 100-fold within 10 min after turning on the potential.
The gradual evaporation of buffer increases the conduc-
tivity value of the remaining buffer by about 100 times
(conductivity~500 wS/cm). The increase of buffer conduc-
tivity contributes to strong electrothermal drag force and
weak dielectrophoretic force on molecules [33, 36]. When
time > 5 min, electrothermal and dielectrophoretic effects
could also provide contributions to molecular concentration.
Electrothermal and thermophoretic effects are proportional
to E* and E?, respectively. Therefore, molecules located near
TIEs experience a stronger electrothermal drag velocity than
the thermophoretic mobility. In addition, if molecules are
located in their corresponding capture regions (;aE* > kT),

© 2021 Wiley-VCH GmbH

dielectrophoresis is stronger than thermophoresis. More-
over, when time > 5 min, we believe that thermophoresis
will be weaker than electrothermal and dielectrophoretic
effects.

Next, to study the molecular concentration on the elec-
trode plane (time > 5 min), we calculated the variation of
V(T), V|E?| and E*VT on the x, y, and z = 0 plane of the TIEs
(Fig. 2B-D, respectively). As noted earlier, due the increase
in conductivity value (500 . S/cm or more), the w of the elec-
trothermal process is about 10 MHz. When applied frequency
of the electric field is less than 10 MHz (F; = —0.022¢ E2VT),
the electrothermal drag force of a molecule is proportional to
—E*VT, which means that electrothermal drag force drive
the molecules out of the electrodes [37]. However, it could
only drive the nontarget molecules (e.g., miRNA and DNA)
out of the electrodes because target molecules (e.g., miRNA-
DNA) are firmly held on TIEs by a stronger dielectrophoretic
force ( Fopp = 5 aV|E?|) [27]. We calculated the approximate
maximum dielectrophoretic and electrothermal drag forces
on miRNA-DNA molecules near electrodes to be 5 x 107 N
and 8 x 1072 N, respectively. We used V(T) = 3000 K/m,
VI|E?| ~ 5 x 1017::% and E°VT ~ 5 x 10“% from the cal-
culations in Fig. 2B-D.

We also found that the smallest dielectrophoretic force
of the miRNA-DNA molecules is about 1000 times larger
than the maximum dielectrophoretic force of the miRNA
and DNA molecules. Therefore, electrochemical drag force
drives miRNA and DNA molecules out of the TIEs and
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Figure 3. Experimental demonstration of the universal biosensing concept. (A) Variations in the fluorescence intensity (between TIEs) with
the frequency of the applied electric potential for fluorophore-labeled let 7b-miRNA-DNA and single-stranded DNA that is complemen-
tary to let 7b miRNA. (B) Illustrates the fluorescence intensity versus frequency for fluorophore-labeled conjugated IL-6 antigen—antibody
complex and fluorophore-labeled IL-6 antibody molecules. Images in (A) and (B) were analyzed using ImageJ. (C) Fluorescence image of
conjugated fluorophore (fluorescein)-labeled IL-6 antigen—-antibody (1 wM) after applying 10 Vpp at 625 kHz for 10 min. (D) Fluorescence
image of TIEs for conjugated fluorophore (fluorescein) labeled-DNA (1.M) after applying 10 Vpp at 1 MHz for 10 min. (E) Fluorescence im-
age recorded for fluorophore (fluorescein)-labeled IL-6 antibody that underwent conditions stated in (C). (F) Fluorescence image recorded
for complementary fluorophore (fluorescein) labeled miRNA-DNA that underwent conditions stated in (D). Scale bars of figures (C-F) in-
dicate 20 um. (G and H) Phase spectroscopy of miRNA-DNA (let-7b), miRNA (let-7b), and DNA molecules that complementary to let-7b

measured after applying 10 Vpp at 1 MHz (G) and 3 MHz (H) for concentrating at TIEs. Vertical dashed lines show the relaxation frequencies
of molecules.

o 2a

will not be captured. Above calculations were performed
on the molecules that are located in the capture region of
miRNA-DNA. The mechanism underlying the molecu-
lar separation would be, first, thermophoretic mobility of
molecules (miRNA-DNA, DNA, and miRNA) drives them to-
ward the TIEs; second, some molecules (e.g., miRNA-DNA,
miRNA, and DNA) will be repelled by the electrothermal drag
force; finally, once the molecules reach the capture region
(5 wm diameter), the dielectrophoretic force concentrate

miRNA-DNA in TIEs and majority of miRNA and DNA

will be repelled out the TIEs. A very few miRNA and DNA

molecules will reach their capture region (diameter ~10 nm)

and therefore only few miRNA and DNA molecules will be

captured in TIEs.

This analysis agrees with our previous experimental find-
ings, where we used electric fields (10 Vpp at 1 MHz) and
analyzed variation of fluorescence intensity near electrodes
with time for fluorophore-labeled miRNA-DNA and DNA
molecules. We found an increase in the fluorescence intensity
of fluorophore-labeled miRNA-DNA and DNA molecules
for about 4-5 min (thermophoretic effect) and gradually de-

crease for next 5-9 min (electrothermal drag force > dielec-
trophoretic force) and significant increases intensity at about
10 min only for miRNA-DNA molecules (dielectrophoretic
force > electrothermal drag force) [27].

To further investigate the utility of the described molec-
ular separation to separate and concentrate (near TIEs), we
have used fluorophore-labeled miRNA-DNA, miRNA/DNA,
and conjugated antigen—antibody and antigen molecules.
The dipole moments of nucleic acid and protein (antigen)
molecules are significantly larger (more than 100 times) than
those of fluorophore molecules [38]. Therefore, the labeling of
biomolecules with fluorophore molecules does not have any
effect on the biomolecules’ dielectrophoretic force. We varied
the frequency of the electric potential (0-10 MHz) to deter-
mine the best frequency for concentrating and quantifying
the nucleic acid and protein molecules.

Figure 3A and B shows the total fluorescence intensi-
ties measured between each TIE versus frequency of the
applied potential for nucleic acid (let-7b-miRNA-DNA com-
plexes, DNA that is complementary to let-7b) and protein
(conjugated IL-6-antigen—antibody complexes, monoclonal
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antibody for IL-6), respectively. By closely examining the
fluorescence intensity values of Fig. 3A and B, at 1 MHz,
miRNA-DNA duplex molecules could be separated and con-
centrated between TIEs with very high accuracy or without
contamination with single-stranded DNA, and conjugated
antigen—antibody complexes could be separated and con-
centrated with very high accuracy at 0.6 MHz. Figure 3C-F
shows the concentration of fluorophore-labeled conjugated
IL-6 antigen—antibody molecules (10 Vpp at 625 kHz), com-
plementary DNA to let-7b (10 Vpp at 1 MHz), IL-6 antibody
(10 Vpp at 625 kHz), and hybridized let 7b-miRNA-DNA
(10 Vpp at 1 MHz) in TIEs, respectively. Note that these
images were taken after 10 min of application of electric
potentials. To locate the place that concentrates the nontarget
molecules (e.g., complementary DNA and the antibody for
IL-6), we measured the fluorescence intensity on TIEs and
saw no accumulation of fluorescence on the electrode (data
not shown). We believe that nontarget molecules are spread
out on TIEs.

As our next step, we studied the potential use of electrical
impedance to quantify the molarities of the target biomark-
ers that are concentrated between TIEs. When the electri-
cal impedance of the TIE array is measured after molecu-
lar separation and concentration, it measures the cumulative
impedance of the target and nontarget molecules, metal elec-
trodes, and buffer solution [26]. Moreover, the concentrations
of target molecules (e.g., hybridized miRNA-DNA) between
TIEs could alter the capacitance between individual TIE elec-
trodes. Similarly, the concentrations of nontarget molecules
(e.g., free complementary DNA and nontarget miRNA) on
TIEs could also alter the weak capacitance between electrodes
that is produced by the leakage of electric fields through the
air. We developed experiments to understand how the target
and nontarget molecules that are concentrated in two places
in TIEs contribute to the measured electrical impedance.

In our previous study, we recorded the time-dependent
accumulation of fluorophore-labeled miRNA-DNA and DNA
molecules in TIEs [27]. We have noticed that fluorescence lev-
els are constantly going up and down during the separation
and concentration. This is due to the integrated use of ther-
mophoresis, electrothermal flow, and dielectrophoresis. As a
result, the use of electrical impedance to monitor/understand
time-dependent target molecules accumulation in TIEs dur-
ing the separation and isolation process is difficult. Ideally,
final separation of target from nontarget molecules is done
in the last stage (around 10 min) of separation and con-
centration. Therefore, we have measured the impedance at
about 10 min after turning on the potential. First, we sepa-
rately measured the impedance spectra (impedance vs. fre-
quency) of 1 nM let-7b-miRNA, DNA complementary to
let-7b, and hybridized let-7b-miRNA-DNA molecules (sus-
pended in 0.01x TE buffer). We then calculated the phase
(6) spectra and both DNA and miRNA have similar varia-
tions of phase spectrum, but the miRNA-DNA molecules
had a markedly different phase spectrum (Fig. 3G). These
unique phase variations of single- (e.g., miRNA and DNA)
and double-stranded (e.g., miRNA-DNA) molecules could be
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due to their structure (single- vs. double-stranded) and/or lo-
cation within the TIEs (between vs. on TIEs). In addition, our
results show a relaxation-like behavior, where impedance data
go from resistive to reactive. The relaxation frequencies for
miRNA-DNA and other molecules (DNA, miRNA) are 5 kHz
(blue dashed vertical line in Fig. 3G) and 20 kHz, respectively.

To further understand the origin of the unique phase
variation, we next performed another experiment in which
we used a 10 Vpp electrical potential at 3 MHz to concentrate
the molecules. According to Fig. 3A, stronger fluorescence
measured in miRNA and DNA was attributed to the stronger
dielectrophoretic forces. In addition, at 3 MHz, a weaker
dielectrophoretic force on double-stranded miRNA-DNA
molecules produced weaker fluorescence intensity (Fig. 3A).
For the phase spectra at 3 MHz, the miRNA, DNA, and
miRNA-DNA molecules produced identical variations of
the phase with frequency (Fig. 3H). Moreover, note that the
miRNA and DNA produced a variation pattern similar to
that of the miRNA-DNA molecules at 1 MHz (Fig. 3G).
In addition, relaxation frequencies for miRNA-DNA,
DNA, and miRNA were about 1 kHz (blue dashed line in
Fig. 3B), which is comparable to 5 kHz. From these exper-
imental evidences, it can be concluded that the variation
pattern of phase with frequency and relaxation frequency
are more likely dependent on the locations of molecules
within the device (between or on TIEs) than the molecules
themselves.

According to the phase versus frequency data for
miRNA-DNA duplex molecules concentrated between TIEs
(Fig. 3G and H), the phase spectrum can be subdivided into
low- and high-frequency regions. The low-frequency region
lies between 1 Hz and 5 kHz (Fig. 3G and H), in which the
majority of the impedance is resistive (—50° <6 < —20°),
and the high-frequency region lies between 5 kHz and
1000 kHz (Fig. 3G and H), in which the impedance is
reactive (—90° < 6 < —50°). Similarly, for conjugated IL-6
antigen—antibody complexes suspended in 0.01x PBS, in the
low-frequency region (1 Hz-10 kHz), the impedance was re-
sistive (—40° < 6 < —10°) and in the high-frequency region
(10 kHz-1 MHz), the impedance was reactive (—90° <6 <
—40°) (data not shown). We then investigated how impedance
values measured in these regions correlate with molarities.

We used let-7b miRNA in experiments and performed
all three steps of the detection and quantification assay stated
above on the 0.01x TE buffer samples spiked with let-7b-
miRNA molecules. The electrical impedance was measured
10 min after the turning on the potential. Figure 4 shows the
low-frequency (1 Hz-5 kHz) region and inset shows the high-
frequency region (5 kHz-1MHz). Low-frequency impedance
values could differentiate lower molarities (e.g., 1 pM and
10 pM) better than high-frequency impedance values. The
impedance data show that LOD and sensitivity of the sen-
sor is highly dependent on the frequency. LOD provides the
smallest level of biomarkers can be measured and sensitivity
provides the gradient of the linear region (impedance vs. mo-
larity). We were interested to study how different frequency
regions contribute to LOD and sensitivity, which help to
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Table 1. LOD and sensitivity values produced by the device in measuring spiked (A) miRNA (let-7b) and (B) antigen (IL-6) biomarkers

directly in diluted serum samples

Frequency LOD Sensitivity (/M)
(A) (1/100) Serum (1/1000) Serum (1/100) Serum (1/1000) Serum
1 Hz-1 KHz 84 +4.3fM 49 + 23 pM (1.1£1) x 10" (3.1£17) x 10"
1 KHz-1 MHz 220 £ 47 M 79 4+ 52M (4£2) x 10 (4.6 = 2.4) x 10
(B) (1/100) Serum (1/1000) Serum (1/100) Serum (1/1000) Serum
1 Hz-100 Hz 75.44 + 45.9 fM 4.36 + 2.2 pM (15+.7) x 10® (5.65 +5.0) x 10'6
10 KHz-1 MHz 6.09 + 4.3 pM 44.78 + 44.5 M (6.01 +4.7) x 10'3 (2.62 4+ 2.2) x 1012
10 and sensitivity) and calculated the LOD and sensitivity values
10° for let 7b-miRNA (Table 1A). Low-frequency impedance pro-
7 1nM duces better LOD (~fM), and high-frequency region provides
107} & y reg
8 106 w100 pM high sensitivity for 1/100 diluted serum sample.
1050 - 10 pM In comparison, traditional impedance-sensing tech-
6 1 04‘ e ——— 1pM niques have tedious assay steps including chemically
4 —— ] "55-DNA attaching complementary DNA molecules on the glass
10 1 w—Buffer substrate between interdigitated electrodes, hybridizing

1 2 4 6 8 10x10°

FeN
=

Impedance x 107 (Q)
N

o

1 10 102 10° 10¢ 10° 10°
Frequency Hz

Figure 4. Analysis of impedance data from let 7b-miRNA-DNA
and DNA that is complementary to let-7b (SS-DNA). The figure
shows the impedance spectra from1 Hz to 1 MHz, and the inset
shows the impedance spectra from 0.1 to 1 MHz. Each experiment
was repeated two to three times and average values and their
standard deviations were calculated and included in plots.

identify the frequency region appropriate for each biomarker
type (e.g., miRNA or antigen). To simulate real-world
biomarker detection, we have conducted experiments to de-
tect spiked molarities of miRNA and antigen in diluted serum
samples.

We have used 1/10, 1/100, and 1/1000 as dilution fac-
tors but lower dilution factors, that is, 1/10, cannot be used
in our device because, at higher conductivity values, dielec-
trophoresis of molecules is not produced and/or the signifi-
cantly higher temperatures produced in the solutions could
disintegrate or degrade the biomolecules. Since the dilution
factor of 1/100 is more relevant to real-world biomarker test-
ing, we have discussed the sensor performance values of
1/100 to other sensing methods. Studying low conductivity
buffers (e.g., 1/1000) could also be useful in sensing. User
can isolate miRNA and antigen molecules from 1x serum
samples and suspend in low conductivity buffer for detec-
tion. We have slightly changed the frequency values of low-
and high-frequency range to improve the performance (LOD

© 2021 Wiley-VCH GmbH

the target miRNA, producing miRNA-DNA duplexes, and
measuring the impedance spectra, reported LOD values in
the fM range [39]. We have found low frequency produce fM
LOD and high sensitivity for antigen molecules suspended
in 1/100 diluted serum samples (Table 1B). It has been
reported that the LOD of traditional ELISA is about 30 nM
[17]. This evidence show that depending on the biomarker
molecules, proper frequency region needed to select for
measuring impedance values.

4 Concluding Remarks

We have demonstrated the proof-of-concept of a universal
biosensing technology that could directly detect clinically
relevant biomarker levels in diluted serum samples. In addi-
tion to miRNA and antigen biomarkers, universal biosensor
could also be used to detect and quantify circulating short
DNA molecules. Austin’s group has previously demonstrated
differential dielectrophoretic forces for double- and single-
stranded long DNA molecules (>1 kb) at low frequencies
[23]. Therefore, long DNA molecules could also be detected
by the proposed method. Generally, in clinical assays, it is
necessary to detect single or multiple biomarkers (up to
about three to four biomarkers) in a single assay [1-5]. To
detect multiple biomarkers, the samples need to be divided
into equal volumes and multiple devices could be used for
each target. Since the assay cost is less than $50 (device fab-
rication: $15, complementary molecules and buffers: $35),
the use of multiple devices/assays is not cost prohibitive.
The biomarker detection time is about 30 min or less, which
includes 10 min for hybridization or conjugation, 10 min for
the separation and concentration of target molecules, and
5-10 min for impedance measurements. Specificity of the
sensing is controlled primarily by the target and complemen-
tary conjugation step (Step 1). Studies have reported that
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conjugation of a target biomarker with its complementary
molecules can be optimized to significantly reduce the rate of
false positives [27]. Sensitivity or LOD can further improve by
isolating antigen, miRNA, and DNA biomarkers from serum
suspending molecules in low-conductivity buffer (e.g., 0.01x
TE), and perform the detection.
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