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A B S T R A C T   

The rapid, sensitive, and selective detection of target analytes using electrochemical sensors is challenging. 
ESSENCE, a new Electrochemical Sensor that uses a Shear-Enhanced, flow-through Nanoporous Capacitive 
Electrode, overcomes current electrochemical sensors’ response limitations, selectivity, and sensitivity limita
tions. ESSENCE is a microfluidic channel packed with transducer material sandwiched by a top and bottom 
microelectrode. The room-temperature instrument less integration process allows the switch of the transducer 
materials to make up the porous electrode without modifying the electrode architecture or device protocol. 
ESSENCE can be used to detect both biomolecules and small molecules by simply changing the packed transducer 
material. Electron microscopy results confirm the high porosity. In conjunction with the non-planar interdigi
tated electrode, the packed transducer material results in a flow-through porous electrode. Electron microscopy 
results confirm the high porosity. The enhanced shear forces and increased convective fluxes disrupt the electric 
double layer’s (EDL) diffusive process in ESSENCE. This disruption migrates the EDL to high MHz frequency 
allowing the capture signal to be measured at around 100 kHz, significantly improving device timing (rapid 
detection) with a low signal-to-noise ratio. The device’s unique architecture allows us multiple configuration 
modes for measuring the impedance signal. This allows us to use highly conductive materials like carbon 
nanotubes. We show that by combining single-walled carbon nanotubes as transducer material with appropriate 
capture probes, NP-μIDE has high selectivity and sensitivity for DNA (fM sensitivity, selective against non-target 
DNA), breast cancer biomarker proteins (p53, pg/L sensitivity, selective against non-target HER2).   

1. Introduction 

The response to COVID-19 has been hampered by current biosensor 
platforms’ inability to mitigate the problems of false-positives and false- 
negatives (Hardinge and Murray 2019; Morales-Narváez and Dincer 
2020). This has been further exacerbated by the fact that most bio
sensors had to be built from the ground-up to respond to COVID-19 
instead of being adaptive (Cui and Zhou 2020; Parihar et al., 2020; 
Sanaeifar et al., 2017). It is worthwhile to hence look at biosensors in 
more detail to identify the reasons. Traditionally, biosensors have two 

basic steps from sample to signal; primarily, a biorecognition element 
that captures the target in the sample through a specific biomolecular 
interaction (like an antigen binding to an antibody), and subsequently, 
signal transduction, which converts this targeted binding event into a 
measurable signal (Chambers et al., 2008; Cheng et al., 2020b; Morales 
and Halpern 2018; Scheller et al., 2001). Unfortunately, most 
current-generation biosensor assays are plagued by problems in both 
steps. Specifically, the binding event is susceptible to non-specific 
binding and biofouling, leading to false positives (Do et al., 2018; 
Lichtenberg et al., 2019; Xu and Lee 2020). Currently, complex off-chip 
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functionalization chemistries, sensor surface modifications, and multi
ple rinsing steps are utilized to counter these effects (Dancil et al., 1999; 
Gooding 2008; Karimi-Maleh et al., 2015; Katz and Willner 2003; Tang 
et al., 2014). The capture mechanism is diffusion-limited, translating 
into long assay times (sometimes hours) (Baronas 2017; Baronas et al., 
2014). The transducer signal is often complicated by parasitic signals, 
like double-layer capacitors in electrochemical measurements resulting 
in false negatives (Stern et al., 2007). Thus, the transducer requires 
bulky and expensive instrumentation to measure the signal changes due 
to any binding events (Han et al., 2013; Mohammed and Desmulliez 
2011). 

During various detection methods, electrochemical biosensor tech
nology is at the cutting-edge in POC devices’ development (Bahl et al., 
2020; Menon et al., 2020; Morales-Narváez and Dincer 2020). The most 
promising biosensor platforms are electrochemical biosensors due to 
their simple manufacturing processes, low usage costs, multiplexed 
detection capabilities, short response time, and ease of miniaturization 
for portable POC diagnostics (Kokkinos et al., 2016). However, elec
trochemical biosensing technologies still suffer from significant limita
tions and problems. Electrochemical detectors and sensors utilize a 
transducer sensitive to a target molecule’s electrochemical signature, 
resulting in a measurable change in voltage or current at the electrode 
surface (Labib et al., 2016). However, for Faradaic sensors, this 
measurable difference is often insignificant compared to other mole
cules’ changes in the bulk solution. Further, the signal can be compro
mised by self-assembled layers of molecules (mostly proteins and other 
charged bio-molecules) non-specifically adsorbing to the electrode sur
face (Mirsky et al., 1997; Trzeciakiewicz et al., 2015). This complicates 
the sensor’s calibration, reduces sensitivity, and leads to ineffective 
sensing (lacks robustness) (Luo and Davis 2013). Though electro
chemical sensors are fundamentally label-free, a redox agent is often 
used to significantly improve the signal-to-noise ratio (SNR) (Wang 
2005). Introducing a redox agent will complicate the operational pro
tocol and require professionals to interpret the signals (Bogomolova 
et al., 2009; Dai et al., 2019; Zhu et al., 2015). Of course, the use of redox 
agents will also increase manufacturing and test costs and decrease 
portability. 

Hence, there is significant interest in non-faradaic sensors that 
measure the perturbation in the capacitive signal from the change in 
charge distribution or local conductance (Dai et al., 2019; Faria et al., 
2019). This perturbation in the capacitance or from charge perturbation 
is measured by electrical impedance spectroscopy (EIS) or other 
methods, like differential pulse voltammetry (DPV) or square-wave 
voltammetry (SWV) (Faria et al., 2019; Ricci et al., 2012). However, 
for non-faradaic sensors, the Debye double-layer complicates the mea
surement efficacy (Stern et al., 2007). The double-layer capacitor’s 
signal masks the excess charges brought by the transducer to the elec
trode surface. Further, at high ionic strengths, the double layer capacitor 
is thin and screens the bulk (Basuray and Chang 2007). Changes in the 
surface-bound capture molecules from target molecule binding are 
outside of the double layer length and do not alter the electrochemical 
signals (Basuray et al., 2009). This can significantly reduce the sensi
tivity and selectivity of the electrochemical sensor (Basuray et al., 2009). 
Further, these sensors often require complex microfabrication technol
ogy and expensive instrumentation to measure small signals (McGrath 
and Scanaill 2013; Suslick 2001). Hence, there is a paramount need for 
an inexpensive, easy-to-operate, label-free electrochemical detection 
platform that can sensitively and selectively detect biomolecules, even 
at high buffer ionic strengths. 

To this end, in this work, we report a fundamentally new approach 
for biosensing. We have developed a novel electrochemical sensor that 
utilizes a new electrochemical sensing approach. This new Electro
chemical Sensor uses a Shear-Enhanced, flow-through Nanoporous 
Capacitive Electrode called ESSENCE built on a nonplanar interdigitated 
microelectrode (NP-IDμE) array architecture (Cheng et al. 2019, 2020a; 
Li et al., 2019). ESSENCE has four significant benefits over the current 

generation of electrochemical sensors: (1) the electrode nanoporosity 
improves selectivity by mitigating non-specific adsorption; (2) the 
NP-IDμE design fosters nanoconfinement effects, which drastically im
proves the SNR and enables the ESSENCE technology to achieve a 
satisfactory sensitivity (Cheng et al. 2019, 2020a); (3) the NP-IDμE ar
chitecture drastically reduces the distance between the adsorbed analyte 
and the sensing element, thus overcoming diffusion limitations and 
assay times while improving the quality of the measurable signal (Li 
et al., 2019); and (4) finally, since shear force is controllable via flow 
rate, shear force becomes a customizable design parameter enabling a 
focused improvement on selectivity. 

In this manuscript, we show in detail the fabrication steps and the 
final ESSENCE device architecture. Further, we show the adaptive and 
modular nature of our device. A simple swap of the capture molecule 
does not necessitate a complete change of ESSENCE’s device architec
ture. The detection of small molecules like perfluorooctanesulfonate 
(PFOS) is intrinsically more difficult than biomolecules due to the 
absence of a relevant capture molecule. Hence designing a single sensor 
for the detection of biomolecules to small molecules is inherently chal
lenging. However, the architecture of ESSENCE allows us to use the 
same sensor for different target molecules seamlessly. It is as simple as 
changing the packing material of ESSENCE. We showed that by using a 
metal-organic framework (MOF) Cr-MIL-101 as the packing material, 
we could sensitively detect a small molecule like the emerging 
contaminant perfluorooctanesulfonate PFOS down to 0.5 ng/L (Cheng 
et al., 2020a). Alternatively, using SWCNTs dotted with oligonucleotides 
as the packing material, we can detect femtomolar DNA (Cheng et al., 
2019). Here, we will show how ESSENCE’s unique electrode architec
ture allows us to use carbon nanotubes as packing material between the 
nonplanar electrodes without losing sensitivity. Though we generate 
high shear forces, we do not increase the measurement noise in 
ESSENCE. In more detail, we look at how the sustained high shear forces, 
in ESSENCE, help drive the selectivity. We show that the ESSENCE can 
sensitively and selectively detect fM DNA concentrations and pg/L 
protein concentrations against non-target DNA and protein. The 
modular nature and adaptability of ESSENCE to tailor itself to any target 
molecule allow us to respond to any future pandemic rapidly. 

2. Material and methods 

2.1. Reagents and instruments 

Standard glass slides (1304G) are ordered from Globe Scientific Inc. 
(USA). De-ionized (DI) water is obtained from a Milli Q Direct 8 Water 
Purification System. A double-sided polypropylene (PP) tape (90880) 
with SR-26 silicone pressure-sensitive adhesives on both sides is ob
tained from ARcare, USA. The thickness of the tape is 142 μm, including 
the PP layer and the two adhesives. The 4294A Precision Impedance 
Analyzer from Keysight Technologies is used for all the EIS measure
ments. Carboxylic acid-functionalized short single-walled carbon 
nanotube (SWCNT, 98%+) are acquired from US Research Nano
materials Inc. The preparation method and characteristics of Cr-MIL-101 
MOF are reported in our previous research (Barpaga et al., 2019; (Zheng, 
et al., 2017, 2018, 2020)). Briefly, 1 mmol of 1, 4-benzenedicarboxylic 
acid (H2BDC, 166 mg) was added to tetramethylammonium hydroxide 
solution (5 mL, 0.05 mol⋅L−1) and stirred at room temperature for 10 
min. To this solution, 1 mmol of chromium (III) nitrate nonahydrate (Cr 
(NO3)3⋅9H2O; 400 mg) was added and maintained at pH 6.0–6.5. The 
reaction mixture was stirred for 20 min and then transferred into a 
23-mL Teflon-lined autoclave and heated for 24 h at a temperature of 
180 ◦C. After slowly cooling to room temperature, the green powder 
formed was collected by repeated centrifugation and thoroughly washed 
with distilled water, methanol, and acetone. Fabrication of the top and 
bottom microelectrode glass slide is carried out in the Nano-fabrication 
facility at CUNY Advanced Science Research Center. Cricut® Maker™ 
cuts the channel tapes. The Human Epidermal growth factor Receptor 2 
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(HER2) recombinant protein is acquired from Prosci-inc. The capturing 
antibody and tumor protein p53 are obtained from the Abcam. 
Probe-DNA (pDNA), target-DNA (tDNA), and mismatched-DNA 
(CMDNA) oligo sequence of 5’-/5AmMC6/CGTCCAAGCGGG 
CTGACTCATCAAG-3′, 5′-CTT GATGAGTCAGCCCGCTTGGACG-3′, and 
5′-CGTCCAAGCGGGCTGACTCATCAAG-3′, respectively, are acquired 
from Integrated DNA Technologies (IDT). 

2.2. Functionalization of SWCNT 

50 mg of the SWCNT is ultrasonically washed in 0.1M MES buffer 

(pH 5.2) and centrifuged in 1.7 mL Eppendorf for 3 min at 6000 RPM 
(GeneMate Minifuge). SWCNT suspension is rinsed in triplicate using 
0.1 M MES. The standard EDC-NHS two-step coupling reaction is used to 
activate SWCNT (Basuray et al., 2009). EDC-NHS is first added to the 
system to activate the SWCNT surface for 30 min. Post activation, the 
SWCNT is vortexed/washed in 1X PBS (pH 7.4) once. After washing, 
capture antibody or ssDNA oligo probe with 1X PBS solution is imme
diately added to the activated SWCNT. The Eppendorf is then rotated 
and incubated at room temperature overnight. After incubation, the 
coupling SWCNT was washed in 1X PBS to ensure the ssDNA oligo probe 
or capturing antibody was washed away. This rising is done in triplicate. 

Fig. 1. The ESSENCE Chip: (A) Schematic diagram of our assembled microfluidic device’s different components. The top and bottom electrode arrays sandwich a 
48 × 0.5 × 100 mm polypropylene straight channel to form a non-planar interdigitated electrode assembly. The electrode assembly is packed using nano-ordered 
materials with functionalized capture probes to form a porous electrode. (B) A fully assembled ESSENCE chip. The diagram shows the protocol for running the sensor 
in different electrode configurations (C) Nano-ordered material with the functional capture probes are packed in a microfluidic channel between two electrode arrays 
to form a porous structure. Due to the enhanced shear forces (from the packed electrode structure), the non-specific binding molecules will be washed away from the 
packing material’s surface. EIS signals are obtained from pre-and post-capture using the same standard solution (1X PBS (pH 7.4) in this manuscript). Rct values 
obtained from fitting the EIS signal to an equivalent circuit reflect the antigen’s capture from the solution by the packing. We call this electrode a Material Electrode 
(ME). It is worthwhile to note that the ME can be used in 2 different configurations. (D) For conductive packing, the ME behaves like a shorted electrode. (E) In that 
case, two ME electrode pairs are used together. The first pair is packed while the second pair is blank. The top and the bottom electrode for each ME pair are shorted 
together. The potential of the shorted packed ME electrode is measured with respect to the shorted clear ME electrode’s potential. This configuration is called the 
Working Electrode (WE) configuration and allows us to observe a clear Rct signature for a conductive packing. 
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The functionalized SWCNT was then mixed with 300 μl 1X (pH 7.4) PBS 
solution and stored at 4 ◦C. The functionalized SWCNT is used over 
months. All the target biomolecules, p53, HER2, 1 nM of the tDNAt, and 
CMDNA, are diluted in 1X PBS (pH 7.4) before use in the sensor. 

2.3. Characterization of the functionalized SWCNT 

The nanoscale SEM picture was obtained using JSM-7900F FESEM at 
an acceleration voltage of 5 kV. The SWCNT samples are washed in DI 
water and sonicated for 5 min in a 1 ml Eppendorf. After sonication, the 
Eppendorf is centrifuged for 3 min at 8000 rpm, and the excess DI water 
was discarded. The wash process was performed three times. After the 
wash process, the CNT was mixed with 300 μl DI water and drop cast on 
a double-sided vacuum tape. The water was allowed to evaporate at 
room temperature. After 1 h, the evaporated sample powders on the 
double-sided tape were blow-dried using a nitrogen gun to remove any 
unattached powders. The double-sided tape was then stick on a flat-type 
SEM sample holder. The XPS sample treatment was the same as the SEM 
samples. The X-ray photoelectron spectroscopy (XPS) was performed 
with Physical Electronics VersaProbe II XPS at CUNY Advanced Science 
Research Center. 

2.4. Transducer packing and device integration 

ESSENCE is fabricated out of double-sided tape by sandwiching the 
tape between two standard glass slides with gold microelectrodes. The 
fabrication details and packing protocol can be found in our previous 
papers (Cheng et al. 2019, 2020a; Li et al., 2019). A standard glass slide 
(25 × 75 × 1 mm3) is first Piranha washed, and then positive tone 
photoresist AZ 1512 is coated on its surface. A chrome photomask, 
designed in-house, is used for lithography. In the lithography step, the 
microelectrode is patterned on the glass slide. 10 nm of titanium fol
lowed by 100 nm of gold is deposited to the glass slide to form the 
electrode using an E-Beam evaporator (AJA international). A 
double-sided polypropylene (PP) tape (ARcare 90880) is cut into a 
rectangular shape with the dimensions of 48 mm (L) × 500 μm(W) ×
142 μm(H) and sandwiched between the two glass slides containing the 
electrodes. 1.5 μl of the functionalized SWCNT solutions were pipetted 
into the channel before closing the device. The Cr-MIL-101 are mixed 
with 0.1 X PBS (pH 7.4) and use a similar packing technique as func
tionalized SWCNTs. A complete device is shown in Fig. 1. A scanning 
electron microscope was performed using a ZEISS SUPRA 55 field 
emission scanning electron microscope (FESEM) at an acceleration 
voltage of 5 kV. A vertical slit was made in the device to obtain the 
FESEM pictures. The packing picture looks vertically down into the 
channel (the depth of the picture is the channel’s height with the solu
tion passing across the image from right to left). 

2.5. Experimental protocol 

The protocol for testing can be separated into two sections, mea
surement of the EIS signal and the actual fluidic protocol. The EIS fre
quency is set between 1k to 10M Hz with an eight-point averaging. The 
EIS frequency range is the same across all experiments. Two devices 
were prepared for the stability test, one without any packing and the 
other device with functionalized SWCNT packing. Each device is first 
washed at 10 μl/min for 2 min in 1X PBS (pH 7.4) and then switched to 1 
μl/min. The pressure drops were measured by two Labsmith uPS0800- 
C360-10 with 360 μm CapTite interconnect (T-type) set up between 
the device. The fluidic protocol contains three steps, namely, (1) 
Injecting the initial 1X PBS (ph 7.4) to acquire the baseline EIS signature, 
(2) Inject the analyte solution containing the target molecule, and finally 
(3) injecting the initial 1X PBS (ph 7.4) again to obtain the new EIS 
signature post analyte passage. As is shown later, from the priming ex
periments, at 1 μl/min, the EIS signal stabilizes by 200 s. Hence the first 
and last fluidic steps need 400 s at a flow rate of 1 μl/min. The second 

step, which is the analyte solution injection, depends on the amount of 
analyte used. The flow-rate for the analyte solution containing the target 
molecules is 1 μl/min. The total amount of analyte solution used in our 
experiments is 60 μl. The time taken per experiment is 67 min. The 
device was also tested with P53 in simulated urea with the same 
procedure. 

3. Result and discussion 

The EDAC reaction is a well-established coupling reaction used to 
bond the designed detecting probe with primary amino acid groups to 
the carboxylic group. Many researchers have used this reaction for 
attaching bio-molecules to a CNT (Gao and Kyratzis 2008; Jiang et al., 
2004; Saha et al., 2017; Zhang et al., 2012). The FESEM figures for the 
unfunctionalized SWCNT powder are shown in Fig. 2 (a), and for the 
functionalized SWCNT is shown in Fig. 2(b) and (c). In Fig. 2(a), a 
smooth CNT surface is observed without any other object on it. Inter
estingly, in Fig. 2(b) and (c), some well-defined objects can be seen on 
the SWCNT surface. This clearly shows that post functionalization, the 
CNT surface is modified. 

Fig. 2 (b) shows the modified CNT with ssDNA oligo. This SWCNT is 
treated with an EDC-NHS to bond the ssDNA probe to its surface. The 
fluff-like “objects” on this SWCNT surface are the attached DNA oligo. 
Similarly, Fig. 2 (c) shows the P53 antibody modified SWCNT. Like 
Fig. 2(b), for Fig. 2(c), P53 is bonded to the SWCNT post-EDC-NHS 
treatment. In Fig. 2(b), we also observed these fluff-like “objects”. 
Interestingly, compared to ssDNA modified SWCNT, the P53 modified 
CNT has more large objects on its surface. Similar attachment of anti
body or DNA to CNT has been observed by other researchers (Nima 
et al., 2013). Thus we can assume that these fluff-like “objects” observed 
in Fig. 2(b) and (c) are the probe ssDNA and P53 antibody, respectively. 
To further validate this assumption, the XPS characterization is 
employed. 

The XPS spectra are shown in Fig. 2. (d)–(m) The unfunctionalized 
CNT is shown in Fig. 2 (d), and local magnifications related to the target 
elements are shown in Fig. 2(f)-(i). Fig. 2 (e) represents the ssDNA 
modified SWCNT with local magnifications related to the target ele
ments’ locations are given in Fig. 2(j)–(m). It is easy to see that atomic 
carbon and oxygen are the two main components, whether for unfunc
tionalized SWCNT (Fig. 2(f) and (g)) or ssDNA functionalized SWCNT 
(Fig. 2(j) and (k)). The phosphorus is shown in Fig. 2(h) for unfunc
tionalized and in Fig. 2(l) is for functionalized SWCNT. There is no 
significant difference between the two due to the amount of phosphorus 
in ssDNA chains. However, compared to the unfunctionalized CNT 
(Fig. 2(i)), a sharp increase in the N1s peak is seen in the functionalized 
CNT (Fig. 2(m)). This successfully demonstrates that the SWCNT surface 
has ssDNA. 

The FESEM picture of the microfluidic channel with packed SWCNT 
is also shown in Fig. 2 ((n)–(p)). It clearly shows the nano-ordered 
packing of the SWCNT in ESSENCE, and the result was a highly 
porous microchannel. Fig. 2(n) shows the FESEM cross-section of the 
microfluidic channel. The dense packing of the microchannel with the 
CNT’s long and fibrous structure can be seen. The FESEM image shows 
that the CNTs have a rough and porous morphology with fiber-like 
strands. It is worth noting from the FESEM pictures in Fig. 2(n) that 
the SWCNT’s bridges across the microfluidic channel from the top to the 
bottom micro-electrode. The tight packing of the SWCNT in the micro
fluidic channel offers a tremendous advantage from a sensor 
perspective. 

Electrochemical sensors can only attract charged target analytes 
within one Debye length to the capturing probe on the surface (Li et al., 
2017). This is especially pronounced for physiological fluids with high 
conductivities/ionic strengths due to the electrode screening and short 
Debye Layer. This leads to a decreased sensitivity for electrochemical 
sensors in physiological fluids with high conductivity/ionic strength. As 
was shown earlier by us, the microchannel porosity leads to a 
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Fig. 2. The SWCNT surface characterization. For (a) to (c), higher magnification image for CNT powder are shown in (a) SWCNT-ssDNA oligo (b) SWCNT-COOH 
(c) SWCNT-P53 -antibody. The XPS CNT surface study for (d) unmodified CNT-COOH (f) ~(i): Each element from CNT-COOH: followed by the order: Carbon, 
Oxygen, Phosphorus, Nitrogen. (e) ssDNA modified CNT (j) ~(m): Each element from ssDNA modified CNT: followed by the ordering: Carbon, Oxygen, Phosphorus, 
Nitrogen. (n) Low magnification image of microfluidic channel covered with SWCNT (o) High magnification image showing dense packing of SWCNT(p) Higher 
magnification image showing the porous structure of the SWCNT packing in the microfluidic channel. 
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tremendous increase in the Peclet number (Li et al., 2019). The Peclet 
Number increase will lead to a concomitant increase in convective 
mixing (Agarwal et al., 2020). Hence more target analyte molecules in 
bulk will travel to the electrode surface, resulting in increased sensor 
sensitivity. Fig. 2(n)–(p) shows another interesting phenomenon arising 
from the sensor’s packing. The SWCNT packing between the top and 
bottom interdigitated microelectrode results in a capture matrix where 
the electric field penetrates across the whole channel. Thus, any inter
action between a target molecule and its corresponding capture mole
cule within the SWCNT capture matrix will contribute to the 
electrochemical signal. This leads to an increase in signal strength 
(increased sensitivity). 

Further, this packing leads to a significant increase in the fluidic 
shear force, enhancing the device’s selectivity by washing out non- 
specific molecules. However, as the SWCNT packing is not held in 
place using physical stops, it can be speculated that the fluid forces can 
wash away the packed SWCNTs, resulting in signal loss. We expect this 
to be more pronounced at the beginning of a run (loosely packed ma
terials wash away) than later in the run. For this reason, we have 
introduced a priming step at the beginning of the experiment. We 
carefully analyzed the EIS signal during the priming to see the time 
required for priming, notice any disturbance in the signal, and look at 
the signal-to-noise ratio. 

It is worth revisiting the sensing protocol to understand the packing 
effect (Fig. 1). An electrode packing material is chosen with a covalently 
attached capture molecule. The covalent attachment protocol is 
described in detail in the experimental section. The device is then in
tegrated at room temperature to have a packed microfluidic channel 
sandwiched between a top and bottom interdigitated electrode. Post 
integration, the chip is primed to remove any signal noise from the 

device, as detailed below. Post priming, the background EIS signal is 
taken in 1X PBS (capture response). Following the background signal, 
the fluid with the target molecule of interest flows through the device. 
The flow-rate through ESSENCE is the same flow-rate used in the 
priming step (1 μl/min) as the EIS signals are very stable at that flow- 
rate in a short time of 200 s. Finally, IX PBS is used to wash the device 
and look at the EIS signal post target binding to the capture molecule 
(target response). The EIS signals are fitted to an equivalent circuit 
(described later). The difference between the target and the capture 
response is proportional to the number of target molecules binding to 
the capture molecule. 

Interestingly the device can be operated in two modes, material 
electrode (ME) configuration and working electrode (WE) configuration 
(Fig. 1D-E). The device’s detailed physical, chemical, and signal char
acteristics are described by us elsewhere (Cheng et al., 2019; Li et al., 
2019). We measure the changes across one pair of interdigitated elec
trodes in the ME configuration (Fig. 1D). Two pairs of interdigitated 
electrodes are taken in the WE configuration, with one packed pair and 
one blank pair. Each pair of electrodes are shorted to each other. The 
signal between the shorted packed electrode pair is compared against 
the clear electrode pair (Fig. 1E). The WE configuration allows us to tide 
over the fact that SWCNTs are used as packing materials. It is worth 
noting that SWCNT is chosen as the electrode material due to the ease of 
oxidizing SWCNT to form carboxylic groups and performing EDAC 
chemistry for covalent attachment of the capture molecule the carboxy 
group of the SWCNT. As is expected, the conductivity of the packing 
material significantly affects the EIS signal. Due to the SWCNT’s high 
conductivity, the EIS signal in 0.1X PBS appears as a purely resistive 
signal in the ME configuration (Fig. 3A). It can be seen for a more 
dielectric material like a MOF, Cr-MIL-101, a capacitive component is 

Fig. 3. Packing dependent signal response of ESSENCE: The EIS signal response in 0.1X PBS for two different packing materials from the two different con
figurations, ME and WE, are shown here. The packing materials are conductive functionalized single-walled carbon nanotubes (SWCNT) and dielectric metal-organic 
framework (Cr-MIL-101) packing materials in 0.1X PBS. (A) The ME EIS response of SWCNT shows a purely resistive signal due to the SWCNT’s high conductivity. (B) 
However, WE show typical capacitive behavior. (C) Both the ME and (D) the WE of the dielectric material (Cr-MIL-101) show capacitive behavior though the 
capacitance is more pronounced in WE in comparison to ME. Note the higher Rct values for Cr-MIL-101 in comparison to SWCNT for both ME and WE. The pressure 
drops at a flow rate of 1 μl/min for 1X PBS (pH 7.4) is observed for two ESSENCE chips, one without packing (E) and one with SWCNT packing (F). The signal takes 
200 s to stabilize. (G) The observed pressure drops of a non-packing chip after 200 s. The pressure drop is stable. The clear channel’s mean pressure is 2.1 ± 0.42 kPa 
(F) The Pressure of a packed chip after 200 s. The pressure drop is higher than that of the clear channel due to the packing in the channel. The pressure drop is 10.16 
± 1.7 kPa (G) EIS signal measured from the packed chip at different time-points for 1X PBS, pH 7.4 at a flow rate of 1 μl/min. The EIS signal is consistently the same, 
which shows the stability of the EIS signal. 
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there in the EIS signal (Fig. 3B). We have shown elsewhere that the 
packed device with Cr-MIL-101 as an electrode material allows us to 
obtain a very sensitive sensor for detecting fluorinated and chlorinated 
compounds (Cheng et al., 2020a). However, interestingly the WE for 
both SWCNT and Cr-MIL-101 shows a semi-circular EIS Nyquist signal, 
signifying the presence of a pronounced capacitive behavior (Fig. 3C and 
D). Thus, as we will show later, the WE electrode configuration with 
CNT as the packing material shows excellent selectivity and sensitivity 
for various biomolecules by choosing an appropriate capture molecule. 

The priming step is specifically designed to remove any loose pack
ing materials from the channel. Initially, in the priming step, the fluid 
velocity is maintained at around 10 μl/min. Post priming, the device is 
operated at 1 μl/min. The priming test allows us to evaluate the device’s 
susceptibility to possible signal disturbances at the operation velocity of 
1 μl/min. The device performance is assessed by noting the pressure 
drop across the channel. The initial pressure due to the higher flow 
velocity of 10 μl/min is in the supporting material (Fig. S1). The initial 
instability in the pressure suggests that the shear force from the high 
flow rate washes away loosely bound SWCNT and any impurities in the 
microfluidic channel. It is worthwhile to note that the pressure drop 
stabilizes around 200 s. Hence, we decided on a priming time of 200 s. 
Fig. 3E-F shows the pressure drop in an unpacked (clear channel) and a 
packed device immediately after priming. The pressure drops in the 
unpacked device are 2.1 ± 0.42 kPa, while the packed device is 10.16 ±
1.7 kPa. The increased pressure drop (5X) in the packed device is due to 
the device’s CNT packing. It is worth noting that the pressure drop is 

stable post priming. This relates to the fact that all the loosely bound 
CNTs are washed away during the priming step. The sinusoidal pattern 
of the pressure is due to the peristaltic pumps that we are using. How
ever, the pressure noise is higher for the packed device than the 
unpacked device. Hence, we gathered the EIS signal from the packed 
channel using the WE configuration for 80 min to see any change in the 
EIS signal. As the EIS measurement is between 1 kHz and 1 MHz at an 
applied voltage of 100 mV with 8 points averaging, the EIS measurement 
is robust. Few environmental noises will influence this packing electrode 
sensor except variation in the channel packing or any disturbance to the 
packing. The EIS signal shows no change and remains the same over 80 
min, as shown in Fig. 3G. This indicates that the packing structure does 
not affect the EIS signal at an operational velocity of 1 μl/min after 200 s 
of priming at a faster velocity of 10 μl/min. 

The device’s response to target protein p53, non-target protein 
HER2, target DNA tDNA, and non-target DNA CMDNA is shown in 
Figs. 4 and 5. As shown in Fig. 4A and B, the capture and target signal for 
target protein p53 and tDNA, respectively, in the WE configuration is 
different. The EIS signal for the HER2 and CMDNA in the WE configu
ration is the same (Fig. 5C and D). However, as detailed above, the EIS 
signal for p53, HER2, tDNA, and CMDNA is chiefly resistive. All the 
electrochemical experiments are done in 1X PBS solution without add
ing redox agents. Note that no blocking agent such as ethanolamine is 
used to block the non-specific binding. Here because we have used the 
non-faradic mode, we did not need a redox probe. The PBS solution 
provides enough ions for the electrochemical process. 

Fig. 4. ME electrode response to target and non-target biomolecules: The figure shows the EIS response in the ME with C-SWCNT for (A) target protein p53 at 1 
ng concentration (22.88 fM) in 1X PBS, (B) 1 nM Target DNA in 1X PBS, (C) non-target protein HER2 at 1 ng concentration and (D) 1 nM non-target DNA. It is worth 
noting that the curve changes post p53 and target DNA binding, although it is not clear. However, with the HER2 and non-target DNA, there is no change, and it 
shows a resistive change. 
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It is worth noting that all EIS measurements are taken in the fre
quency range from 1 kHz to 1 MHz at an applied voltage of 500 mV. 
Using the high-frequency range is due to the migration of the electric 
double layer (EDL) to high frequency. It has been shown by Basuray 
et al. that the relaxation frequency of the EDL is the ratio of (D/λ2) where 
D is the diffusion constant while λ is the EDL length (Basuray and Chang 
2007, 2010). It is important to note that the relaxation frequency scales 
inversely as the EDL length, λ. As we showed in Fig. 2 (n)–(p) in the main 
manuscript, post packing with functionalized SWCNT, the channel be
comes porous. Functionalized SWCNT has a much higher Zeta potential 
than the bare glass surface. Thus, compared to an open channel (channel 
bordered by the bare glass), the packed channel’s Zeta potential (a 
porous channel with functionalized CNT bordering the pores) will in
crease considerably. EDL length λ is inversely proportional to the Zeta 
potential (Basuray and Chang 2010). Hence, the EDL length will be 
significantly smaller for a porous channel, driven by the packing mate
rials’ charge (Zeta potential). Thus due to a smaller EDL, the relaxation 
frequency of the EDL will shift to a higher frequency. This should move 
the EDL EIS signature to higher frequencies. This significantly affects the 

EIS sensor performance. The high-frequency signals lead to lower 
ambient noise (improvement in signal-to-noise ratio leading to higher 
sensitivity) and faster signal acquisition (rapid response). 

As shown in Fig. 5, the WE electrode configuration shows a capaci
tive EIS signal, unlike the ME configuration in Fig. 4. As in Fig. 5, we see 
that the EIS signal is different for target protein p53, target DNA (tDNA), 
while it is the same for non-target protein HER2 and non-target DNA 
CMDNA. The capacitive signal from Fig. 5 can be fitted to an equivalent 
circuit shown in Fig. 5E using Zview® software (Ding et al., 2017; 
Kaushik et al., 2018). The fitting parametric values of the circuit ele
ments and the R2 values are in Table 1. Fitted curves to experimental 
data can be found in the Supplementary Fig. S2. In Fig. 5, only Nyquist 
plots are shown. Though the Nyquist plot is more complex, the Nyquist 
plot is used as it is highly responsive to any changes in the circuit. The 
most common circuit parameters can be read directly from the plot. The 
equivalent circuit shown in Fig. 5 (E) comprises of two asymmetric 
parallel resistors and capacitor combinations with a Re in series. Re is 
the inherent resistance in the device. As shown in Table 1, it is around 
~100Ω for all the different devices. The first capacitor (Cdlu) with the 

Fig. 5. WE electrode response to target and non-target molecules: The figure shows the EIS response in the WE with C-SWCNT for (A) target protein p53 at 10 
ng/L concentration in 1X PBS, (B) 1 nM Target DNA in 1X PBS, (C) non-target protein HER2 at 1 ng/L concentration and (D) 1 nM non-target DNA. It is worth noting 
that the curve changes significantly post p53 with an increased semi-circle that manifests as increased Rct. The target DNA binding with a decreased semi-circle that 
manifests as decreased Rct. However, with the HER2 and non-target DNA, there is no change. (E) Shows the equivalent circuit that can be used to fit all the above EIS 
signatures. We can use it to look at the charge transfer (Rct) values. The Rct change is a signature of the binding of the target DNA or target protein to the capture 
molecule (C-SWCNT). We can then compare the difference in Rct values of target protein (p53) and target DNA against the non-target protein (HER2) and non-target 
DNA to obtain a calibration curve. 
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Rs resistance in parallel comes from the clear electrode pair. As one of 
the electrode pairs is a bare electrode, a simple Randel circuit will fit the 
EIS spectrum (Randles 1947; Randviir and Banks 2013). Randle circuit 
includes the double-layer capacitance at the electrode surface because of 
ions in the solution (Cdlu); a charge transfer resistance or polarization 
resistance (Rs) representing current flow due to redox reactions at the 
electrode-fluid interface constant phase element, and the Warburg 
impedance signal (CPE(W)). The Warburg impedance signature captures 
the diffusion of ions participating in the electron-transfer redox reaction 
towards the electrode. As can be seen from Table 1, though the Re, CPE 
(W), and Cdlu vary slightly from chip to chip (due to chip-to-chip de
viation), it remains the same across different runs on the same chip. 
Though we treat the Warburg element (CPE(W)) as a constant phase 
element, the phase value of around ~0.5 indicates their departure from 
pure capacitive behavior and being more resistive in characteristic as is 
seen in traditional Randles circuits. The packed electrode is similar to 
that of a modified transmission line circuit (Cheng et al., 2020a; 
Cruz-Manzo and Greenwood 2020; Li et al., 2019). However, unlike the 
clear electrode, the packed electrode has no Warburg Impedance. This is 
due to the packing in the electrodes, which should disrupt diffusion 
gradients within the packing device. Instead of the classical capacitive 
signal, we have a constant phase element signal (CPEdlp) for the packed 
electrode. This is due to the packing, which should disrupt the capacitive 
double layer that is formed. Hence the constant phase element CPEdlp 
represents any deviation from the ideal capacitor behavior. Interestingly 
the value of CPEdlp as expected does not change significantly from run 
to run but does vary from chip to chip. This is attributed to the packing 
in the chip, which is done by hand and should differ from one chip to 
chip. It is interesting to note that, as expected, the charge transfer 
resistance (Rct) in the packed electrode varies significantly for target 
protein p53 and target DNA tDNA compared to HER2 and non-target 
DNA CMDNA. Rct is a direct reflection of the change in the available 
electrode area due to the target molecule’s binding to the capture 
molecule. The electrode’s area will change due to the complementary 
binding of the target protein p53 or target DNA to the SWCNT capture 
probe. As shown in Table 1, Rct changes only on the binding of TDNA or 
P53 and not for CMDNA or HER2. It is worth noting that in ESSENCE, 
depending on the biomolecule (DNA or Protein), the Rct can decrease 
(DNA) or increase (protein). We speculate that the change in Rct is 
motivated by the charge of the molecule. It has been seen that for a 
protein attachment, the protein decreases the electrode’s surface area, 
leading to a reduction in current and a concomitant increase in Rct. It is 
well known that DNA has a much higher charge than proteins. On 
binding of the tDNA, the capture-target DNA pair essentially becomes a 
part of the electrode due to its charge. This increase in charge is more 
significant than any reduction in the surface area due to the DNA’s 
binding. This leads to an increase in current to the packed electrode, 

leading to a concomitant decrease in Rct. 
The calibration curves are shown in Fig. 6 for target protein P53 and 

target DNA TDNA. We have run at least three experiments per target 
protein and DNA concentration to get the standard deviation at each 
concentration. The charge transfer resistance signal is normalized to 
reduce the variability of using different chips for each DNA and protein 
concentration. The normalized signal is simply the change in the charge 
transfer resistance due to target binding divided by the initial charge 
transfer resistance. It is clear from the calibration charts that our lowest 
detectable concentrations are 10−15 M for TDNA and 10−13 g/L for P53. 
However, we see a significant standard variation across the different 
DNA and protein concentrations even after normalization. This is due to 
the manual loading of the packing material from chip to chip. This is 
evident when calculating the limit of detection (LOD) and limit of 
quantification (LOQ) using well-established statistical tools (Armbruster 
and Pry 2008). The LOD and LOQ are 10−7g/L for P53 and 10−11 M for 
TDNA. Thus, one of our future directions is to look for an automated 
packing process that will lower the ESSENCE platform’s LOD and LOQ. 

We have shown that ESSENCE has a significant sensitivity and 
selectivity advantage over current electrochemical platforms. However, 
it is essential to make sure that the platform is cost-effective. Currently, 
the capture antibody is the most expensive cost for our chip. It is $485 
for 100 μl, which is enough to do 600 experimental runs. Thus the cost of 
the capture antibody is $0.8/chip. All the rest of the chemicals used in 
the chip are far cheaper than the capture antibody. Hence, the ESSENCE 
chip costs about $20 to produce for an academic lab like ours. This is 
significantly cheaper than ELISA ($60 with an additional $34 for sup
plies per test (Dalvie et al., 2005)), PCR ($200 per test (Sammy Saab 
August 2018)), or PCR-ELISA costs $42.30 per patient (Sammy Saab 
August 2018). We currently use our chips multiple times by decom
posing the chip in acetone and reassembling several times. We found 
that the E-beam technique allows us to use our chips numerous times as 
the e-beam deposited electrodes can withstand multiple acetone washes 
and reassemblies. The EIS signal does not change even after multiple 
decomposing and assembling. Our electrode pattern with the smallest 
electrode feature of 10 μm and gold electrode thickness of 100 nm is 
similar to those found in most point-of-care devices. Hence these elec
trode features are still within the benchmark resolution for sputter 
coating, screen-printed (Antuna-Jimenez et al., 2020), or inject-printed 
(Trudeau et al., 2020) electrodes. Thus, we can use a screen printing 
company to manufacture our chips at a low cost in the future. This shows 
that not only the ESSENCE platform sensitive, selective but also rapid 
and cheap. 

4. Conclusion 

In this paper, we show the enhanced selectivity and sensitivity of 

Table 1 
Fitting parametric values of the circuit elements with Statistics.  

Analytes Chi-Sqr Sum-Sqr Re Ω CPEdlp-T CPE dlp-P Rct Ω Cdlu Rs Ω CPE (W)-T CPE (W)–P 

Her2 4.18 
E−04 

0.166 11.53 8.64 
E−12 

0.998 30832 1.24 
E−11 

4.44 
E+04 

2.60 
E−06 

0.388 

3.59 
E−04 

0.142 11.17 9.04 
E−12 

0.998 29496 1.16 
E−11 

4.44 
E+04 

2.28 
E−06 

0.405 

p53 4.95 
E−04 

0.196 23.25 5.54 
E−12 

0.999 338080 6.26 
E−11 

1400 3.81 
E−06 

0.343 

3.97 
E−04 

0.157 20.16 5.96 
E−12 

0.999 383670 6.07 
E−11 

1400 2.02 
E−06 

0.407 

CMDNA 2.80 
E−04 

0.111 17.35 1.52 
E−11 

0.998 12701 7.83 
E−12 

6.65 
E+04 

4.38 
E−06 

0.295 

2.62 
E−04 

0.104 17.13 1.63 
E−11 

0.998 11465 7.15 
E−12 

6.65 
E+04 

4.42 
E−06 

0.290 

tDNA 4.92 
E−04 

0.195 13.51 1.15 
E−11 

0.998 40953 9.25 
E−12 

1.26 
E+05 

5.11 
E−07 

0.518 

5.13 
E−04 

0.203 11.91 1.74 
E−11 

0.998 13748 6.86 
E−12 

1.26 
E+05 

6.03 
E−07 

0.486  
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ESSENCE. ESSENCE utilizes a novel flow-through, porous electrode. The 
porous flow-through electrode’s unique structure boosts sensitivity by 
making any bound target or capture molecule anywhere in the electrode 
or the flow field contribute to the overall signal. The flow through the 
porous electrode generates a strong shear force. Sensor data for target 
and non-target proteins and DNA suggests that this shear can be used to 
distinguish between detect target and non-target biological molecules, 
enhancing selectivity. The porous structure leads to enhanced convec
tive mixing. This convective mixing boosts sensitivity by binding more 
target molecules to the electrode surface. This convective mixing dis
rupts the diffusion process and minimizes artifacts in the electro
chemical signal like the parasitic double-layer capacitance improving 
the sensitivity and signal-to-noise ratio. Equivalent circuit analysis of the 
electrochemical impedance spectra shows that the disruption in the 
mixing process in the porous electrode results from the loss or elimi
nation of the Warburg element. The porosity also moves the charge 
transfer signal to high frequencies making ESSENCE rapid with a high 
signal-to-noise ratio. ESSENCE’s unique architecture allows us to swap 
the transducer material and use it against a different molecule. Hence, 
this biosensor can be used to develop a new array of biosensors against a 
wide variety of biomolecules and chemical moieties, including 
responding rapidly to a future pandemic. 
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