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Developing a real-time, portable, and inexpensive sensor for pathogenic bacteria is crucial since the
conventional detection approaches such as enzyme-linked immunosorbent assay (ELISA) and polymer-
ase chain reaction (PCR) assays are high cost, time-consuming, and require an expert operator. Here we
present a portable, inexpensive, and convenient impedance-based biosensor using Interdigitated Elec-
trode (IDE) arrays to detect Escherichia coli (E. coli) as a model to demonstrate the feasibility of an
impedance-based biosensor. We manipulated the affinity of the IDE array towards E. coli (E. coli BL21
series) by functionalizing the IDEs’ surface with an E. coli outer membrane protein (OMP) Agl Aptamer.
To determine the dominant factors affecting the sensitivity and the performance of the biosensor in
detecting E. coli, we investigated the roles of the substrate material used in the fabrication of the IDE, the
concentration of the aptamer, and the composition of the carboxy aliphatic thiol mixture used in the pre-
treatment of the IDE surface. In the sensing experiments we used an E. coli concentration range of 25
—1000 cfu mL™! and confirmed the binding of the OMP Ag1 Aptamer to the outer membrane protein of
the E. coli by Field Emission Scanning Electron Microscopy (FESEM), Optical Microscopy, and Atomic
Force Microscopy (AFM). By tuning the surface chemistry, the IDEs’ substrate material, and the con-
centration of the OMP Agl Aptamer, our sensor could detect E. coli with the analytical sensitivity of
approximately 1.8 Ohm/cfu and limit of detection of 9 cfu mL~L. We found that the molecular compo-
sition of the self-assembled monolayer (SAM) formed on the top of the IDEs before the attachment of the
OMP Ag1l Aptamer significantly impacted the sensitivity of the sensor. Notably, with straightforward
changes to the molecular recognition elements, this platform device can be used to detect a wide range
of other microorganisms and chemicals relevant for environmental monitoring and public health.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

of their interaction with surface functionalized interdigitated
electrode arrays (IDEs) is emerging as a fast, inexpensive, and

Sensing of microorganisms by probing the impedance variation highly accurate technique. IDEs are particularly favored for this
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purpose due to their tractability in surface chemistry engineering,
the versatility of materials used in fabrication, electrode design, and
capability for hand-held sensing applications. IDE based sensors
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have been widely used in several fields such as biomedical sensing
[1,2], environmental sensing [3,4], and optoelectronics [5]. Several
trials have been conducted to utilize IDEs in building sensors to
detect microorganisms [6—10], but most are not practical due to the
use of highly sensitive biomolecules, which is difficult to handle
onsite or the complexity of detection mechanisms. Due to the risks
that microorganisms, and due to their waterborne and foodborne
nature, it is crucial that an effective detection system be available.
Escherichia coli (E. coli) present pervasively in the abdominal of
animals, but disease manifestations caused by infection of E. coli
pathogenic variants can range from mild fevers and diarrhea to
severe dehydration and death. Conventional detection approaches
such as enzyme-linked immunosorbent assay (ELISA) and poly-
merase chain reaction (PCR) assays can be expensive, time-
consuming, and required a well-trained operator. Such a portable
detection system for E. coli would be beneficial for a variety of fields,
including clinical, public health, industrial (food, beverage, and
catering), municipal water monitoring, and environmental
monitoring.

The ubiquitous spread of E. coli has attracted research into
detection systems, and several detection techniques that aim to
improve the sensitivity and lower the analysis cost have been
proposed [11-13]. Electrochemical biosensors [14—16], optical
[17—21], and bioanalytical immunoassay [22,23] approaches were
applied to detect E. coli in different media, including municipal
water, food products, and agricultural products. Generally, the
biosensor procedures are precise, time-effective, and vital in the
prevention and diagnosis of bacterial diseases. Biosensors repre-
sent the combination of a range of versatile technologies and
eliminate the shortcoming linked with PCR techniques. In the
electrochemical biosensors, the identification of the E. coli per-
formed either through an electrochemical cell consisting of three
electrodes that are immersed in an electrolyte solution [24—27], or
IDEs with a minimum amount of measuring solution, easy
handling, and capabilities for incorporating into portable devices
[28—30]. The sensing of the E. coli using electrochemical cell bio-
sensors based on either amperometric or an impedance mecha-
nism to follow the change in the bacterial concentration, where the
methodology of the sensing mainly depends on the probe and the
material of the electrode. The potentiostat electrochemical cell
used in biosensing of E. coli consists of building three electrodes: a
working electrode, a counter electrode, and a reference electrode.
The fabrication process of the working electrode introduces
complexity, especially when nanomaterials are used to increase the
electrodes’ surface area and chemical activity. For instance, an
electrochemical biosensor to detect E. coli 0157:H7 was developed
by using biofunctionalized polymeric nanocomposite beads to
separate and probe the bacteria in food samples [31]. By following
the cyclic voltammetric diagram, E. coli could be detected down to a
concentration of 102 ¢fu mL~'. The sensing mechanism, however, is
complicated as the preparation of the probe and the transducer
consists of several steps. To improve the sensitivity of electro-
chemical cell-based biosensors, multiple signal amplification steps
are necessary, where enzymatic amplification with redox cycling
accompanied with charge transfer process was employed using
Hydroquinone Diphosphate as an active substrate obtaining a
sensitivity range of 10> to 108 ¢fu mL~! [32]. However, sensing of
E. coli based on an electrochemical cell with acceptable sensitivity
and detection limits requires multiple steps of electrode surface
modification, complex instrumentation setup, and several signal
amplification steps.

Aptamers are short, single-stranded DNA, RNA, or synthetic XNA
molecules that can specifically bind to any desired targets with high
affinity [33]. Recently, different aptamers have been successfully
isolated and employed to detect different strains of E. coli using

several techniques such as optical, fluorescent-tag, and electro-
chemical [34,35]. The main benefit of using aptamer to target E. coli
in addition to the high selectivity is that the aptamer is more
environmentally stable and can be stored and handled without
strict precautions as in the case of other biomarkers.

Over the past years, we have developed a portable impedance-
based biosensing system, which consists of interdigitated elec-
trodes (IDEs) with surface functionalized biorecognition elements,
the impedance measurement portable board, and developed
reading and analyzing software. We studied the theoretical and the
practical prospects of the non-faradaic impedance sensing, the
pivotal factors that impact on the electrical field between the
electrode and therefore, the sensitivity of the sensor, and published
our findings elsewhere. Here, we develop a portable non-faradaic
impedance-based biosensor for detecting E. coli employing a
label-free DNA aptamer as a probe and an IDE chip as a transducer.
We utilize E. coli OMP Ag1 oligonucleotide Aptamer targeting the
outer membrane protein of the E. coli as a biorecognition probe, and
carboxy aliphatic thiol compounds as an activated linker to bind the
probe to IDE surfaces. E. coli BL21 and Shigella flexneri were selected
to be the analyte and the negative control bacteria, respectively,
across the study. We evaluated the impact of the IDEs’ substrate
material on the sensitivity of the biosensor by testing silicon di-
oxide coated silicon wafers and borofloat glass wafers as substrates
for the IDE across a range of E. coli concentrations and measuring
the response. We also assessed different combinations of carboxy
aliphatic thiol compounds with different aliphatic chain lengths to
activate the gold surface of the IDE to capture the E. coli OMP Ag1
aptamer and investigated the effect of their monolayer molecular
surface assembly behavior on the sensitivity of the biosensors. To
achieve that mercaptoundecanoic acid (11-MUA), mercaptohex-
adecanoic acid (16-MDA), and mixtures of different ratios of both
were used to functionalize the gold surface of the IDE before the
anchoring of the aptamer, while the final molar concentration of
the thiol compound or mixture was kept at 10 mM. The formed self-
assembled monolayer (SAM) of the carboxy aliphatic thiol com-
pound renders the gold surface of the IDEs coated with the car-
boxylic groups facilitating the attachment of the aptamer through
EDC/NHS chemistry. We aim to create an inexpensive, sensitive,
reagent-free, and easy-to-use biosensor for detecting E. coli in
water bodies, potable water, and food samples, which provides a
portable biomonitoring system serving different fields such as
environmental monitoring, pharmaceutical, and food safety. The
advantages of our method over the traditional PCR, or ELISA are
low-cost, portable, and easy-to-use. Before measuring the imped-
ance to detect the E. coli, we pre-functionalized the IDE chip with
the recognition element, and thus no need for other steps of
treatment or amplification. On the other hand, in the case of the
ELISA method, the detection of the target E. coli consists of multi-
steps procedure including the adding of the detection recognition
element, the substrate, and the stop solution, where each step
could take more than an hour to accomplish. The costs of PCR or
ELISA reagents and the instrumentation are higher than our device
(about $1 per test). Figure 1 presented our point-of-care biosensor,
which consists of electronic reader board in housing unit, dispos-
able IDE chip with connector, and analyzing application software
on smartphone or tablet.

2. Results and discussion
2.1. Surface functionalization of IDE
The fabricated IDE chip consists of eight electrodes, as shown in

Fig. 1, and we covered with PDMS cover that has eight wells one for
each electrode to separate the liquid in contact with the electrode,
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Fig. 1. (Bottom Right) represented the components of our portable point-of-care biosensor, which consists of biosensor housing unit contained the electronic circuit reader,
disposable chip and biosampler, and cellphone or tablet to run the analytical software. (Bottom Left) showed the digital image of the IDE chip made using a glass substrate. We
fabricated the IDE chip with the same design using SiO, coated silicon substrate. The IDE chip has eight microelectrode arrays each is of 3 mm? dimensions and contains 168 digit
pairs with 4 um and 2 pum, finger width, and separation gap, respectively. (Top Left) Representation of the steps involved in the surface modification of the IDEs with E. coli OMP Ag1
Aptamer to detect E. coli. The functionalization occurred at the surface of the gold electrode digits by forming a SAM of Carboxy aliphatic thiol molecules to facilitate the attachment
of the E. coli OMP Ag1 probe. The anchored probe is capable of capturing the E. coli through the attachment to their outer protein membrane. (Top Right) AFM micrographs of an IDE
array at different surface modification stages were taken at 3 pm [2] surface plot on a gold digit, (a) bare gold electrode, (b) MUA surface coated electrode, (c) E. coli OMP Ag1
aptamer coated MUA functionalized electrode, and (d) E. coli BL21 spotted on the top of the functionalized electrode.

which allows running eight experiments at the same time. Each
electrode is 3 mm? dimensions and contains 168 digit pairs of 4 um
width and 2 pm separation gap between fingers. After cleaning the
IDE and before outfitting the IDE for E. coli sensing, we measured
the impedance magnitude of each electrode by placing the
measuring buffer in PDMS well on the top of the electrode and
called it the baseline. Building IDE sensitive to E. coli consists of two
steps: formation of a self-assembled monolayer (SAM) of carboxy
aliphatic thiol compounds, and anchoring of the bio-probe (E. coli
OMP Ag1) as represented in the schematic diagram in Fig. 1 (Left).
First, we form a SAM on the gold electrode digits using 11-MUA, or
16-MDA, or different combinations of both of them. The formation
of the SAM occurred based on the affinity of the thiol groups to the
gold surfaces leaving the carboxylic group facing the solution for
the next step. Second, we activate the carboxylic groups of the
carboxy aliphatic thiol compounds with EDC and NHS reagents to
enable the coupling with the amine groups terminating the E. coli
OMP Ag1 Aptamer molecules in aqueous solution. Then we add the
E. coli OMP Ag1 Aptamers to the activated IDEs, which are anchored
by an amide linkage to the surface of the gold electrode digits. We
employed AFM to follow the surface functionalization of the IDEs at
each step, where we imaged the surface of the gold electrode digits
in a 3 pm? area and evaluated the change in the topographic

roughness. The sputtering technique used in the microfabrication
of the IDEs chip produced smooth gold electrode digits with
roughness around 3 nm, as depicted in Fig. 1(a). The formation of
the SAM on the gold digits raised the roughness to 5 nm when 11-
MUA of 10 mM was used as a carboxy aliphatic thiol reagent
Fig. 1(b). We found the topography of the formed SAM significantly
changed with the composition of the carboxy aliphatic thiol
mixture as discussed later on. By functionalizing the gold electrode
digits with the E. coli OMP Ag1 aptamer molecules the roughness
jumped up to 9 nm, while the attachment of the E. coli extremely
boosted the roughness to around 500 nm and sometimes exceeded
the threshold of the AFM tip as seen in Fig. 1(d). The increment in
the roughness, along with the progress in the functionalization of
the gold electrode digits gives a clue on the effectiveness of the
surface modification steps.

The attachment of the E. coli to the gold electrode digits via the
E. coli OMP Ag1 aptamer probe was further confirmed by FESEM, as
shown in Fig. 2(a). The selective functionalization of the gold
electrode digits led all of the E. coli cells to be attached to the sur-
face of the electrode digits. We did not observe any E. coli adherence
to the silicon dioxide surface between the digits. Some of the E. coli
cells were found trapped in between the electrode digits, but by
going to high magnification, the E. coli cells were observed to have
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Fig. 2. (a) FESEM images of fully functionalized IDEs after spotting with E. coli of 250 cfu mL~' concentration, (b) and (c) are optical microscope images of the E-coli OMP Ag1
aptamer surface coated IDEs substrates that were spotted with 50 and 500 cfu mL~" E. coli, respectively, the scale bar in both optical microscopy images is 100 um. Yellow circles
assign the E. coli bacteria. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article).

adhered through their outer protein membrane to the edge of the
electrode digits and settled on the silicon dioxide base substrate, as
further depicted in Figs. S1 and S2 in the supporting information.
We also employed an optical microscope to scrutinize the distri-
bution of the E. coli on the electrode digits precoated with E. coli
OMP Ag1 aptamer. Fig. 2(b) and 2(c) show optical microscope im-
ages of the IDEs with two different concentrations of E. coli cells, 50
and 500 cfu mL~), respectively. E. coli cells were homogeneously
distributed covering the IDEs without any observed aggregation at
a lower concentration, while some aggregates with sizes of
10—15 um were observed at a higher concentration. The change in
the impedance magnitude (Z) with the surface functionalization of
the IDE provides a tool to verify the attachment of the functional
group, whereby comparing with the baseline impedance magni-
tude, we noticed a change in the Z profile with each step of func-
tionalization as well as after the addition of the bacteria (E. coli or
Shigella flexneri). Fig. 3(a) and 3(b) showed the Z profiles for IDEs
made with SiO; coated and glass substrates, respectively, at various
stages of surface functionalization and after the addition of the
E. coli (500 cfu mL~"), where Fig. 3(c) presented the Z profiles in the
case of the Shigella flexneri (the negative control). By comparing
with the Z profile of the baseline, the Z constantly increased with
the attachment of MUA and the aptamer before decreased with the
attachment of the E. coli or Shigella flexneri bacteria. We found that
the degree of the reduction in the Z associated with the attachment
of the bacteria is proportional to the concentration of the bacteria in
the tested solution in the case of E. coli, but was neglected in the
case of Shigella flexneri bacteria regardless the concentration of the
bacteria, which demonstrated the specificity of the aptamer-probe.
Electrically, E. coli cells act as capacitors. E. coli consists of a
conductive cytoplasm with other conductive periplasm separating
two insulating cell membranes giving dielectric properties to the
E. coli cell, which explained the decrease in the Z with the attach-
ment of the E. coli and was intensively studied [28,36]. The impact
in the non-faradaic impedance spectra by the attachment of E. coli
cells to the IDEs surface can be utilized to detect the presence of the
bacteria in the solution as well as the bacteria concentration. We
calculated the difference in the Z (AZ) of each consecutive stage of
surface functionalization at 10 kHz in Fig. 3(a), 3(b), and 3(c) and
presented in Fig. 3(d). In the case of IDE made from SiO, coated
substrate, the AZ caused by the alteration in the surface function-
ality of the IDEs is about 200 Ohm, while it is about 1200 Ohm
caused by the attachment of the E. coli (500 cfu mL~! bacteria
concentration), and that indicates the attachment of the E. coli
dominates the change in the non-faradaic impedance of the IDE. By
moving to IDE made using the glass substrate, the AZ caused by the
attachment of the E. coli using the same concentration of the bac-
teria solution (500 cfu mL~!) was around 500 Ohm, which reveals
that the IDE's substrate material has a significant impact on
determining the sensitivity of the sensor. When we used the

Shigella flexneri solution with 500 cfu mL~! concentration, the AZ
resulted from the attachment of the bacteria was 89 Ohm, which is
less than that caused by the surface functionalization of the IDE
(161 and 128 Ohm). These AZ values and by comparing them with
that obtained with E. coli bacteria show that the attachment of the
Shigella flexneri bacteria to the IDE functionalized with the E. coli
OMP Agl aptamer was insignificant, which indicates the high
specificity of the fabricated sensor. To evaluate the latency of the
binding of E. coli BL21 with the E. coli OMP Ag1 aptamer, we ran a
simple reaction (bio-recognition) time experiment, where we
measured the variation in the AZ faradaic at different incubation
times over the precoated IDEs. After the addition of the E. coli, we
measured the impedance magnitude every 30 min in the frequency
range from 1 kHz to 1 MHz. The AZ was calculated by comparing
the measurements with the measurements taken before adding the
E. coli at 10 kHz. Fig. 3(e) represents the variation in the AZ with
time, where it becomes notable after 60 min of E. coli incubation.
The increment in the AZ continues in a step manner until 180 min
of incubation, where after that it slightly increases, which might
indicate the reaching of the bio-recognition equilibrium. We
continued measuring the change in the impedance up to 240 min.
However, we did not observe any noticeable change after 180 min.

2.2. The effect of the E. coli OMP Ag1 aptamer concentration

Awide range of aptamer concentrations from 2 x 10~ to 0.2 pM
has been used in the electrochemical-based methods for the
detection of E. coli using OMP aptamers as a probe [37,38]. To
optimize the concentration of the E. coli OMP Ag1 aptamer for the
IDEs coating, we selected three concentrations (2.5, 5, and 10 uM) of
the aptamer for use during the surface functionalization of the IDEs
resulting in three IDEs coated with three different aptamer con-
centrations. By following the feedback of each IDE toward a series
of E. coli cell concentrations (from 25 to 1000 cfu mL™!) and
comparing the difference of the impedance magnitudes before and
after the E. coli cells addition (AZ), we estimated the sensitivity of
the IDE biosensor. The sensitivity of the IDE sensor toward the E. coli
can be estimated from the slope of the AZ with the change in the
E. coli cells concentration. At lower E. coli cell concentrations (below
200 cfu mL~!), the IDEs coated with 2.5 pM aptamer shows an
enormous increase in the AZ with increasing E. coli concentration as
indicated by the dashed circle in Fig. 4 ((a), the black square).
However, the situation is reversed at higher concentrations of E. coli
cells, where the value of AZ decreases with increasing E. coli con-
centration giving the slope of 0.13 Ohm/(cfu.mL™"), which repre-
sents the sensitivity of the IDE toward the E. coli. The decrease in
the AZ could be due to saturation of the aptamer-probe at higher
E. coli cells concentrations which prevent the IDEs from capturing
more cells and consequently prevents the detection of changes in
the concentration of the tested E. coli cell solution. We measured
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Fig. 3. Shows the impedance magnitude of the bare IDE made with silicon dioxide-coated substrate (a), and glass substrate (b) with that at different stages of electrode surface
functionalization and after the addition of E. coli for detection, (c) the impedance magnitude of the bare IDE made with silicon dioxide-coated substrate and at different stages of
surface functionalization and after the attachment of Shigella flexneri of 500 cfu mL~"! concentration as a negative control, (d) the calculated difference in the impedance magnitude
at 10 kHz between two subsequent steps of surface functionalization, where we measured the impedance over the frequency range from 1 kHz to 1 MHz, and we pre-coated both of
the silicon dioxide-coated substrate, and the glass substrate IDE with MUA 10 mM before functionalizing with aptamer. In the presented graphs, we used the E. coli solution of
500 cfu mL~! concentration. (e)The time response of the E. coli OMP Ag1 Aptamer functionalized IDEs towards E. coli cells in water. The concentration of the E. coli OMP Ag Aptamer
used in coating the IDEs was 5 M, while the concentration of the E. coli solution was 250 cfu mL~". The experiments were repeated three times, and we presented the average

values.

the AZ with E. coli concentration at 10 kHz and 100 kHz frequencies
and found that the alteration in the AZ measured at 10 kHz is
considerably significant compared to that at 100 kHz (the data not
shown) implying that the sensitivity of the IDEs biosensor could
vary depending on the utilized frequency. We previously had the
same observation in the detection of metabolic protein with the
assist of gold nanoparticles, where the sensitivity of the biosensor
dramatically fall by measuring the AZ at 100 kHz instead of 10 kHz
[1]. The doubling of the aptamer concentration to 5 and 10 uM used
in the surface functionalization of the IDEs produced a linear in-
crease in the AZ with E. coli cell increase over the range of the tested
concentrations from 25 to 1000 cfu mL~! as shown in Fig. 4 ((a), the
red circle) and 4 ((a), the blue triangle), respectively. By measuring
AZ at 10 kHz, the linear augment has a slope of 1.73 and 2.15 Ohm/
(cfumL~1), which represents the sensitivity of the sensor device,
while it significantly drops about one order of magnitude to 0.16
and 0.18 Ohm/(cfu.mL~1) at 100 kHz for 5 and 10 pM aptamer-probe

concentrations, respectively, the data not shown. This drop in the
slope implies that the frequency used in the measurement has a
vital role here in determining the sensitivity of the IDEs sensor. On
the other hand, the insignificant change in the slope with
increasing the concentration of the aptamer-probe from 5 to 10 pM
indicates that the optimal concentration of the probe for the tested
concentration range of the E. coli cells has been achieved, and there
is no need for a further increase in the used probe amount. We
believed that the morphology of the electrode might contribute to
identifying the optimal concentration of the aptamer probe. Here
the IDE has a larger surface area exposed to the reaction medium
due to its microstructure, and consequently it needs a higher
aptamer concentration to efficiently cover the interface area. In
addition, the volume of the solution and the electrochemical
techniques used in the detection experiment might have an impact
on the aptamer concentration. An OMP aptamer concentration of
0.02 uM was used in coating conventional gold electrode, and E. coli
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the IDEs: (black square) 2.5, (red circle) 5.0, and (blue triangle) 10.0 uM. We selected silicon dioxide-coated wafers as the substrate for fabricating the IDEs. All IDEs were precoated
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sensitivity of the sensor device is represented by measuring the slope of the AZ with the test range of E. coli concentrations. Here, the concentration of the E. coli OMP Ag1 Aptamer
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was detected by faradaic impedance spectroscopy (FIS) using a
100 mL electrochemical cell [38]. The same OMP aptamer con-
centration (0.02 M) was employed in the detection of E. coli, and a
range of concentrations from 2 x 107> to 0.2 uM were tested [37]. In
the studies, IDEs were tested using a 100 mL solution to detect the
presence of the E. coli. Based on such results, we did not test higher
or lower concentrations of the aptamer in the functionalization of
the IDE as both of the 5 and 10 uM concentration solutions gave a
linear increment in the AZ when increasing the tested concentra-
tion of the E. coli in the studied range.

2.3. The effect of the substrate electrical properties

The dielectric constant of the substrate material used in the
fabrication of the IDEs affects its capacitance properties and
consequently influences the sensitivity of the impedance-based
sensor. By careful selecting of the IDEs’ materials, it is possible to
manipulate the sensitivity of the impedance-based sensor. For
studying the impact of the variation in the material’s dielectric
constant on the sensing of the E. coli, we selected glass and SiO;
coated wafer substrates to fabricate the IDEs. We followed the
variation induced in the difference in the impedance magnitude
(AZ) by changing the concentration of the added E. coli cells for each
IDE. For both of IDEs made from glass and SiO, coated silicon wafer,
AZ increases with increasing the added E. coli cells at 10 kHz fre-
quency, as shown in Fig. 4 ((b), the black square) (a) and 4 ((b), red
circle), respectively. Compared with that of the glass IDEs, the
variation in the AZ of the SiO, coated wafer IDEs is significantly
surpassing. The slope of the disparity in the AZ with changing the
E. coli cells concentration is 1.89, and 0.9 Ohm/(cfu.mL™!) for SiO,
coated wafer and glass IDEs, respectively, which represents the
significant impact of the substrate material of the IDEs on the
sensitivity of the resulting sensors. The influence of the substrate
material on the sensitivity of the IDEs sensors could arise from the
dielectric properties of the material, where the dielectric constant
of the glass and SiO, is 5—10 and 3.7—4.1, respectively. The limit of
detection (LOD) in the case of SiO, coated wafer substrate is
8 cfu mL~", while it is 19 cfu mL~! when we use glass as a substrate
to fabricate IDEs. It is worth mention that the value of the dielectric
constant of the SiO; coated layer depends on the deposition pro-
tocol [39]. The capacitance of the IDEs’ substrate material is
contingent on its dielectric constant, where the increment of the

dielectric constant increases the capacitance. However, the capac-
itance is inversely proportional to the impedance of the fabrication
substrate, as described by Equation (1) [40,41].

Consequently, the rise in the dielectric constant impairs the
impedance caused by the substrate. As the net non-faradaic
impedance of the IDEs consists of resistive and capacitance com-
ponents and considering the sum of the impedance arises from the
analyte, electrolyte solution droplet, and the parasitic impedance of
the substrate, its value is significantly affected by the capacitance of
the IDEs substrate as described in Equation (2). By reducing the
parasitic impedance of the IDEs substrate, the value of the net
impedance drops, which could negatively affect the value of the AZ
at the same E. coli cell concentrations range. This destructive in-
fluence on the AZ could explain the diminishing of the IDEs sensors
sensitivity by changing the substrate material from SiO, coated
wafer to the glass.

1

:ijpar M

Zpar

1
Znet = (Rseries + 2Zdl) | ‘ (7

ocgeo)| @) @)

Zpar and Cpgr are the parasitic impedance and the parasitic
capacitance of the IDEs fabrication substrate, while Rserjes and Cgeo
represent the resistance of the solution and the geometric capaci-
tance of the droplet, respectively, and Zg represents the double
layer impedance.

2.4. The effect of SAM morphology

The usage of the SAM in the functionalization of the IDEs’ sur-
face is well-known by adding chemical affinity to the surface as
well as reducing the nonspecific binding effect through the appli-
cation of a bilayer [42]. We explored the effect of the molecular
composition and the generated topography of the formation of
SAM from the carboxy aliphatic thiol compounds on top of the IDEs’
surface as a method to reduce the nonspecific binding and endow
chemical activity, based on the sensitivity and the performance of
the E. coli IDE sensor. To achieve this goal, we prepared a series of
carboxy aliphatic thiol mixtures with different molar compositions
of 11-MUA and 16-MDA and employed them to form SAMs on the
IDE surfaces to endow chemical affinity to bond with the Aptamer-
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probe. We prepared five chips where each was coated with only
one mixture or single carboxy aliphatic thiol compounds and fol-
lowed the variation of the AZ along with the tested range of the
E. coli cell concentrations after the functionalization with OMP Ag1
aptamers. The slope of the AZ with the concentration of the E. coli
as a representative of the IDE sensor sensitivity dramatically drops
from 1.8 to 0.4 Ohm/(cfu.mL~") by introducing 10% 16-MDA to the
carboxy aliphatic thiol mixture with 11-MUA (90%) as shown in
Fig. 5 (black square) and 5 (black circle), respectively. The LOD shifts
from 9 to 45 cfu mL~! by introducing 10% of 16-MDA to the carboxy
aliphatic thiol mixture used in the IDE surface modification. By
increasing the ratio of the 16-MDA to 50% in the mixture the slope
slightly increases to 0.77 Ohm/(cfu.mL™") before falling again to
0.29 Ohm/(cfu.mL~!) with continuous increasing of the 16-MDA
ratio up to 90%, as presented in Fig. 5 (red square) and 4 (red cir-
cle), respectively. While using 16-MDA alone as a surfactant for
producing the SAM reduces the slope by about ten times to 0.23
Ohm/(cfu.mL~!) compared with that in the case of using 11-MUA
molecules, as depicted in Fig. 5 (blue square). The 16-MDA modi-
fied IDEs showed a negative response with lower concentrations of
E. coli cells (25, and 50 cfu mL~1), where AZ has negative values.
This negative response implies the role of the 16-MDA in dimin-
ishing the detection limit and the sensitivity of the IDEs sensors.
The LOD values fluctuated with changing the composition of the
carboxy aliphatic thiol mixture and became 70 cfu mL~" when we
solely used 16-MDA as a surfactant to modify the IDEs’ surface. As
observed, the change in the aliphatic chain length or the molar ratio
of the carboxy aliphatic thiol mixture creates a sizeable impact on
the sensitivity and the LOD of the IDE sensor, whereas adding five
carbon atoms to the aliphatic chain decreases the sensitivity one
order of magnitude. Also, changing the molar ratio of the carboxy
aliphatic thiol compounds mixture by introducing 10% Of 16-MDA
induces a considerable decrease in the sensitivity in comparison

O MUA 100% — — - Linear fitting
O MUA:MDA 9:1 Linear fitting
2500 4 0 MUA:MDA 5:5 — — - Linear fitting
1 O MUA:MDA 1:9 Linear fitting
5 S .
2000 | O MDA 100% Linear ﬁtt/ln/gr__]

T+ L 7 I f I * & ¢ & 9
0 200 400 600 800 1000

E. coli Concentration (cfi.mL™)

Fig. 5. The variation in the IDE sensitivity (slope of the AZ with E. coli concentrations)
with the change in the molar composition of the carboxy aliphatic thiol mixture
precoating layer. The concentration of the E. coli OMP Ag1 Aptamer used here is 5 pM.
We tested the IDE sensor with an E. coli concentration range from 25 to 996 cfu over
SiO, coated silicon wafer IDEs’ substrate. We measured the AZ at frequencies 10 kHz
using (black square) MUA 10 mM, (black circle) MUA 9 mM and MDA 1 mM, (red
square) MUA 5 mM and MDA 5 mM, (red circle) MUA 1 mM and MDA 9 mM, and (blue
square) 10 mM of MDA to form the SAM before OMP Ag1 aptamer functionalization.
We repeated the sensing experiments three times and presented the average values.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

with using 11- MUA alone as a surfactant. However, the inclusion of
10% 11-MUA produces a trivial impact on the sensitivity of the IDE
sensor in comparison with using 16-MDA alone as a surfactant in
the formation of the SAM. Both of the 11-MUA and 16-MDA possess
a terminal carboxylic group which endows the affinity to the IDEs
surface to bind the amine terminal group of the OMP Ag1 aptamer
through EDC/NHS biochemical conjugation. We believe that using
carboxy aliphatic thiol as a linker is in general preferable to anchor
the aptamer to the gold digits of the IDEs to avoid overusing
aptamers terminated with thiol groups. SAM formed from the
carboxy aliphatic thiol molecules could effectively reduce the
nonspecific adsorption effect. Changing the aliphatic chain length
or molecular composition of the SAM precursor solution changes
the composition of the SAM, and consequently changes the topo-
graphical roughness of the resulted monolayer. This alteration in
the topography of the SAM results in a turmoil for the molecular
arrangement and orientation of the OMP Ag1 aptamer molecules,
which might influence the attachment with the outer membrane
protein of the E. coli and hence reduces the affinity. The impact of
the aliphatic chain length and the composition of the SAM pre-
cursor solution on the topographic roughness of the monolayer is
presented in detail in the supporting information (Fig. S3).

In each of the above experiments, we measured the AZ at two
different frequencies 10 kHz and 100 kHz (data not shown for
100 kHz). By comparing the sensitivity at 10 and 100 kHz, it drops
by around 80% for most carboxy aliphatic thiol compositions when
we measured at 100 kHz, except that when 11-MUA is the surfac-
tant where it falls by 66%. This was the same behavior we observed
before with changing the OMP Ag1 aptamer concentration and the
electrode substrate material.

The development of a portable and handy sensor for E. coli has
great potential in various fields, including water resources quality
monitoring, food safety, agriculture, and pharmaceutical. The
design of the sensor should fulfill certain requirements to compete
with the traditional analytical techniques such as easy to fabricate
and operate, working under ambient conditions, and finally,
affordable operational cost without waiving high sensitivity and
low LOD. Few attempts have employed the advantages of the
aptamer and IDEs to develop a portable and endure sensor for
E. coli. Comparing to the design proposed by Sergi Brosel-Oliu and
his team [37] to build an impedimetric sensor for label-free
detection of E. coli bacteria, our developed sensor device relied on
the functionalization of the metal fingers electrodes instead of the
gap between the electrodes. This functionalization protocol located
the E. coli cells on the top of the metal electrodes rather than in
between and highly away from the electrodes, which might explain
the low LOD (9 cfu) for our design compares to the higher LOD
(100 cfu) for the Sergi’s design. Despite the similarity in the general
design, but we used different aptamer probe (E. coli OMP Ag1) and
various materials in the fabrication of the IDEs (gold instead of
TaSi,), and the sample compartment in our design has a volume of
30 pL which allow to take minimal amount of the tested solution
and help in miniaturizing the sensor size. It is worth to mention
that, our chip has eight IDEs of 3 mm? square area each, which
allows running eight different tests using single chip by aligning
and placing PDMS cover with eight wells on the top of the IDEs chip
and that would lower the cost per test. We also investigated the
role of the IDE’s substrate materials on the sensitivity of the
fabricated sensor, which assists in understanding the mechanism of
non-faradaic sensing of E. coli. Using gold as an electrode finger
materials give significant flexibility in surface functionalization,
and that allows anchoring the aptamer to the electrode digits
surface.

The detection of the E. coli using a non-faradaic impedance IDE
sensor depends on its electrical characteristics as a capacitor. The
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non-conductive E. coli cell membrane surrounds the periplasmic
space, cytoplasm, and its constituents as charged conductive
species, which emulates the capacitor structure. Simulation
studies have been elaborated using either double or triple-layer
spheroidal models to estimate the dielectric properties of E. coli
cell components [36,43]. Hence, the sensing of the E. coli by non-
faradaic impedance spectroscopic techniques after anchoring to
an IDE’s surface by the OMP Agl aptamer as a surface effect is
resulting from its impact on the double layer capacitance Cy,
which is predominant at low-frequency ranges [44,45]. At a higher
frequency range, the medium capacitance commands the imped-
ance of the IDEs, which limits the effect of the E. coli presence on
the impedance magnitude. The capacitive nature of the E. coli
contributes to the impedance of the IDEs at lower frequency range
more than that at a higher frequency range, which explains the
higher sensitivity of the IDEs sensor to the E. coli cells at the lower
frequency (10 kHz) regardless the other parameters. The dielectric
properties of the substrate used in the fabrication of the IDEs
would contribute to the electric field of the microelectrode array,
which in turn could influence the sensor sensitivity. The IDE chips
that were made from glass and SiO; coated silicon wafer had the
same fabrication procedures and identical morphology, but they
had a significant difference in the sensitivity. This variation in the
sensitivity arose from the variance in the dielectric constant of the
substrate material. Leveraging the biological stability of the DNA-
aptamer as a probe for detecting E. coli would assist in building
biosensors that could support outdoor environmental activities
such as water resource surveillance surpassing that which was
built on Antibody probe-based sensors. However, it is pivotal to
take into account the role of the molecular structure, mixture
composition of the surfactant molecules, and their impact on the
molecular assembly on the top of the microelectrodes in deter-
mining the IDEs sensors sensitivity and other properties. The same
aptamer was successfully employed during the electrochemical
detection of the outer membrane protein of two different strains of
E. coli (0157:H7 and 8739), and it showed high specificity for E. coli
BL21. Therefore, we can conclude an E. coli outer membrane
protein-specific aptamer is a good candidate as a general probe to
develop a portable electrochemical sensor for E. coli and has great
potential in different applications.

3. Conclusion

In summary, we developed IDE chips with the capability to be
employed as a biosensor for environmental and potable water
monitoring applications. The pliability of choosing the electrode
materials, and bioengineering their surface functionality was
exploited to detect E. coli bacteria. E. coli, as a Gram-negative
anaerobic bacterium, usually is available in human and animal in-
testines, but some strains are pathogenic and cause a severe
infection. The detection of E. coli in potable water, water sources,
and food products could provide an effective surveillance system
for health protection and food safety. We used impedance-based
electrochemical detection using IDEs to sense the existence of
E. coli in potable water. We evaluated the effect of the relative
permittivity (dielectric constant) of the IDEs substrate material, the
molecular stacking of the carboxy aliphatic thiol linker, and the
concentration of the aptamer-probe on the sensitivity and the
detection limit of the developed E. coli biosensor. By optimizing the
fabricating substrate material, the surfactant used to activate the
IDEs surface, and the concentration of the aptamer-probe, it is
possible to build a portable biosensor device for detecting the E. coli
bacteria with high sensitivity.

4. Materials and methods
4.1. Materials

1-Mercapto-11-undecanoic acid 97% (11-MUA), 2-(N-morpho-
lino) ethanesulfonic acid (MES), N-(3-(dimethylamino) propyl)-N-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide
98% (NHS), Magnesium chloride, TRIS hydrochloride, Ethyl-
enediaminetetraacetic acid (EDTA), Luria Agar, Luria broth, Ethanol
(100%), Disodium hydrogen phosphate, and monosodium hydrogen
phosphate were purchased from Sigma-Aldrich Canada Co. (Oak-
ville, Ontario) and were used without further purification. Escher-
ichia coli Outer Membrane Protein Agl (E. coli OMP Agl) was
purchased from OTCBiotech, where it is amine terminated oligo-
nucleotide at 5 end, and its sequence is 5'-NH;-ATCCGTCA-
CACCTGCTCT-ACGGCGCTCCCAACAGGCCTCTCCTTACGGCATATTA-
TGGTGTTGGCTCCCGTAT-3'. We selected this aptamer because of its
high recognition affinity to the outer membrane protein of several
strains of E. coli bacteria such as 0157:H7 and 8739 [35, 37, 38, 46].
Ultrapure water (18.2 MQ/cm) obtained from Millipore equipment
(Mili-Q water) was used for samples preparation and washing.

4.2. Apparatus

All electrochemical measurements were performed with an
Electrochemical Impedance Spectroscopy benchtop potentiostat/
galvanostat SP-200 controlled by EC lab software from BioLogic
Science instrument Inc (Knoxville, Tennessee) by applying a 10 mV
sinusoidal excitation perturbation at 0 V DC in the frequency range
of 10 Hz to 1 MHz. A Zeiss Sigma Field Emission Scanning Electron
Microscope (FESEM) and a digital optical microscope VHX-700F
from KEYENCE Canada Inc. (Mississauga, Ontario) were used for
imaging and estimating the number of E. coli captured on the sur-
face of the IDEs. We also used a hemocytometer and Motic AE 31 an
inverted biological microscope (Carlsbad, California), to count the
number of E. coli cells in the tested solution. A Veeco di multimode
V atomic force microscope (AFM) to follow the surface chemical
bioengineering of the IDEs at different functionalization stages.

Custom designed IDE sensor chips were fabricated on silicon
wafers with around 500 nm thermal oxide following a standard
photolithography process flow involving sputter deposition of
chromium (10 nm) and gold (100 nm), photoresist and photomask
pattern transfer followed by the development, and reactive ion
plasma etching. Each sensor chip has eight IDEs units of 3 mm?
square area and 168 digit pairs with length, width, thickness, and a
gap of 3 mm, 4 pm, 110 nm, and 4 pm respectively. A PDMS mask
with eight wells of 3 mm? was designed and fabricated in the lab
that fits the IDEs to assist in the functionalization of each IDE’s
surface without affecting the other wells on the same chip. The
digital images of the IDE chips made with SiO;, coated substrate,
glass, and the PDMS cover were presented in Fig. S4. The PDMS
mask allows independent and localized modification of each IDE on
a sensor chip with any desired modifying solution.

4.3. Methods

4.3.1. IDEs cleaning, pre-treatment, and functionalization

Before the surface functionalization of the IDEs, they were
cleaned by sonicating in acetone followed by isopropanol for 5 min
each to remove the residue of the photoresist material. Then the
IDE chips were rinsed with Milli-Q water and then dried with a
stream of nitrogen. The pre-cleaned IDE chips were functionalized
in sequential reaction steps by the addition of different solutions
using the PDMS mask to cover the IDE chips and separate each IDE.
Following successive functionalization steps, the IDEs were washed
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with ethanol and 10 mM PBS at pH 7.4 and Milli-Q. To achieve a
self-assembled monolayer (SAM) with the distal carboxylic acid
group on the surface of the IDEs, two different carboxy aliphatic
thiol compounds 11-MUA, and 16-MDA were used separately or in a
mixture with different molar ratios. An example of the SAM
coating: 50 pL of 11-MUA was added to each well of the PDMS cover
attached to the IDE chip and incubated for 8 h at 4 °C. We repeated
the same step using the other carboxy aliphatic thiol compound
and mixtures. The carboxyl groups of the SAM-modified IDEs were
activated by incubating with 50 pL of 0.1 M EDC and 0.05 M NHS
freshly prepared in a MES buffer for 30 min, before adding the E. coli
OMP Ag1 aptamer solution. 50 pL of 5 uM E. coli OMP Ag1 aptamer
was added to each well of the PDMS cover and incubated for 4 h to
complete the functionalization of the IDEs. After every step of
surface modification, electrode washing was performed with
10 mM PBS, and Milli-Q.

4.3.2. E. coli BL21 cell culture and aptamer optimization

E. coli BL21 strain was grown on a Luria agar plate overnight at
37 °C. A loop full of bacterial culture was transferred from plate to
10 mL Luria broth and incubated at 37 °C in a shaking incubator
until its optical density estimated spectrophotometrically reaches
0.7A at 650 nm. We measured the colony-forming unit (cfit) per mL
of E. coli bacteria using the hemocytometer and optical microscope
and prepared a range of E. coli concentrations from 25 to
1000 cfu mL~. Across the experiments, we used non-pathogenic
Shigella flexneri of 500 cfu mL~! concentration as a negative con-
trol sample referred to as 0 cfu mL~! E. coli.

E. coli OMP Ag1, 100 mol, with 5’Amine was spun down briefly to
avoid loss of the aptamer pellet. The stock aptamers were entirely
dissolved to the desired stock concentration of 100 uM in 10 mM TE
buffer by stirring over 30 min. Then aliquot stock aptamers were
stored at —20 °C until further use.

For the dilution, aptamers were dissolved in 1X PBS. Aptamers
are stable at a neutral pH range (7.0—8.0). For the proper folding of
the aptamer structure in the buffer, they were heated at 95 °C for
5 min and slowly cooled at room temperature for 15 min in the
presence of the 2 ion magnesium. The addition of 2" ion mag-
nesium in the buffer is critical for maintaining a proper aptamer
structure.

4.3.3. Non-faradaic impedance measurements

After each step of IDE surface functionalization, we measured
the non-faradaic impedance using measuring buffer (PBS buffer
107% M) as an electrolyte in the range of frequency from 1 kHz to
1 MHz and applied current of 100 mA. We followed the same
protocol when we measured the impedance of the IDE chips after
the binding of the E. coli to the IDEs’ surfaces. We placed the PDMS
cover over the IDE chip by adjusting one well centering on the top
of each IDE to hold the measuring solution. Across experiments, the
impedance measurement was performed by placing 30 uL of the
measuring electrolyte or the analyte solution in each well of the
PDMS cover. All impedance sensing experiments were repeated
three times, and we presented the average values.

4.3.4. Detection of E. coli

Determining the sensitivity of the biosensor toward the E. coli
proceeded through choosing E. coli BL21 as an example and pre-
paring a series of E. coli BL21 solutions with different concentra-
tions from 20 to 1000 cfu mL~! and measuring the impedance
response. After completing the functionalization of the IDEs with
the aptamer, 30 pL of test solution containing E. coli was placed on
the top of each IDE in the chip surrounded by the PDMS cover. We
left the E. coli solution incubated for 1 h to give the chance to bind
with the IDE surface-functionalized with aptamer except in the

experiment we measure the time response as we change the in-
cubation time. After that, we removed the E. coli solution and
washed the IDEs three times with Milli-Q ultrapure water before
adding the impedance measuring buffer (PBS 10~% M) following the
procedures mentioned above. We repeated the same steps for all
E. coli concentrations solutions, all tested IDEs (SiO; coated silicon
substrates and the glass substrates), and all carboxy aliphatic thiol
mixtures.
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