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A capacitive DNA sensor for sensitive detection of
Escherichia coli O157:H7 in potable water based
on the z3276 genetic marker: fabrication and
analytical performancet
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We report a label-free biosensor for the detection of Escherichia coli O157:H7 ATCC 43895 in potable
water using a newly designed DNA sensing probe targeting the z3276 genetic marker. The surface of
indium tin oxide (ITO) was functionalized with the novel sensing probe by covalent coupling using APTES
as a crosslinker to fabricate the DNA sensor (dubbed ZEC [z3276 gene of E. coli O157:H7 ATCC 43895]).
The electrochemical characterization of the fabricated ZEC sensor was performed using cyclic voltamme-
try and electrochemical impedance spectroscopy. Atomic force microscopy and scanning electron
microscopy revealed significant changes in the surface topographies of the fabricated ZEC sensor chip.
Equivalent circuit analyses suggested the capacitive nature of the ZEC sensor chip, which demonstrated a
declining trend of the capacitance value from 1.568 pF (Bare ITO) to 1.221 pF (after DNA hybridization).
Non-faradaic sensing measurements revealed systematically declining capacitance values upon DNA
hybridization, with a 10 min response time at 10 Hz frequency and 10 mV applied potential. The ZEC
sensor chip exhibited linearity in the range of 0.5 to 25 pg per 10 mL for E. coli O157:H7, with ubiquitous
cross-validation of each DNA concentration using quantitative PCR prior to the analyses of real water
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samples. The limit of detection (LOD) at 95% confidence estimated by logistic regression was 0.1 pg DNA
per 10 mL of E. coli O157:H7 (equivalent to 13.67 CFU per 10 mL) with a p-value of 0.0237. Consequently,
the obtained results demonstrate the possible application of the developed ZEC sensor chip for E. coli
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1. Introduction

Escherichia coli O157:H7 is a food-and-water-borne pathogen
that has been implicated in several outbreaks worldwide in
humans as well as in animals and poultry."” It is estimated
that E. coli O157:H7 globally causes over 2.8 million acute ill-
nesses annually.” Therefore, in order to monitor future out-
breaks effectively, it is indispensable to have access to
sufficiently rapid and sensitive methods that can be employed
for the detection of E. coli 0157:H7.

To date, many attempts have been made to develop
methods for the rapid detection of E. coli O157:H7.
Traditionally, methodologies for the detection of DNA hybrid-
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0O157:H7 detection in real water samples.

ization have been exploited based on the attachment of
different labels to the molecules being investigated. The stan-
dard labels utilized in molecular biology studies to evaluate
DNA hybridization include fluorescent dyes,” redox-active
enzymes®’ and magnetic particles.® For example, when the
DNA target sequence is labeled with an appropriate fluorescent
tag, fluorescence can be observed with the aid of a fluo-
rescence microscope at the location of complementary hybrid-
ization.” However, although these methodologies are sensitive,
labeling methods are time-consuming, expensive and require
sample handling.'® These labels in a few cases may interfere
with the hybridization of two complementary DNA strands.""
Therefore, there is currently a dire need to develop simple,
reliable and inexpensive methods for sensing microbial patho-
gens. Label-free methodologies have emerged as sensitive yet
cost-effective impedimetric tools for the detection of DNA
hybridization phenomena.'* In principle, label-free DNA-based
biosensors depend on the alteration of a given quantitative
parameter of the transducer, which is influenced by the DNA
hybridization phenomenon. Label-free methodologies can
proffer tangible information about changes in the physical
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characteristics of the analyte under investigation. EIS can be
exploited for DNA hybridization detection, mainly due to its
capability to execute label-free detection. EIS can sensitively
monitor the variations of the capacitance at the electrode or
electrolyte interface when the DNA target complementarily
binds with the DNA probe."" Faradaic detection of DNA hybrid-
ization using EIS necessitates the addition of a redox-active
species, such as [Fe(CN)s]>* ™~ or [Ru(NH;)e]*"*"; it relies on
the variation of the charge transfer resistance between the elec-
trode surface and the solution.">'® In contrast, non-faradaic
detection is independent of redox-active species. Modification
of the surface of the electrode by biomolecules generally leads
to changes either in the double layer capacitance embodied
between the electrode surface and the solution or the capaci-
tance positioned in the space charge layer at the interface of
the semiconducting electrodes." In such cases, a highly sensi-
tive electrode material is required for the purpose of capacitive
sensing. Many sensitive materials for electrochemical label-
free DNA detection have been reported, such as the use of
metals,">'® conductive polymers'”'® and semiconductors.'**°
In addition to label-free impedimetric DNA sensors, pulsed
amperometry and differential pulse voltammetry-based label-
free detection of DNA hybridization has been reported.*"*>
However, in the present research, we have developed a capaci-
tive (non-faradaic impedimetric) sensing platform for the
detection of E. coli O157:H7 which shows higher sensitivity
and a lower limit of detection (LOD).

Novel degenerate semiconductor electrodes, such as
indium tin oxide (ITO), exhibit prominent characteristics, such
as high conductivity and outstanding optical transparency.
Notably, these electrodes have received immense attention
over the last few decades and have been widely utilized due to
their substrate adhesion and electrochemical properties.>*>*
For example, in biosensor development, ITO surfaces have
been generally modified with silane monolayer to enable the
immobilization of biomolecules, such as amine-terminated
DNA probes.'’ The electrodeposition of nano-composites of
graphene oxide/iron oxide mixed with chitosan polymer onto
the surface of an ITO electrode to covalently immobilize an
amine-labeled DNA probe for the detection of E. coli 157:H7
was reported.® A similar immobilization strategy was explored
by Xu et al., who reported the use of chitosan/iron oxide films
as a DNA probe-matrix.”®

The specificity of the DNA probe is extremely important for
the detection of microbial pathogens. The open reading frame
(ORF) 23276 has been shown to be a specific and stable
genetic marker for E. coli O157:H7 detection; it encodes a
putative fimbrial protein, as reported elsewhere.?” Therefore,
in the present study, sequences of ORF 23276 were selected to
design the DNA probe using the BLAST software suite of the
National Centre for Biotechnology Information (Maryland,
USA). An additional challenge confronting the specific detec-
tion of E. coli O157:H7 in contaminated water sources is to
accurately detect low numbers of cells in test samples. Hence,
in the present study, we report for the first time a novel DNA-
chip impedimetric sensor based on the 23276 gene, dubbed
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ZEC (23276 gene of E. coli 0157:H7 ATCC 43895), using an ITO
surface modified with an organosilane linker. The DNA probe
used for the detection of E. coli 0157:H7 was further immobi-
lized onto the GA-modified electrode.

The present work is organized as follows: (i) design of a
specific DNA probe for sensitive detection of E. coli O157:H7
by targeting the 23276 genetic marker; (ii) characterization of
the ZEC sensor chip by electrochemical impedance spec-
troscopy (EIS), atomic force microscopy (AFM) and scanning
electron microscopy (SEM); (iii) capacitive sensing of E. coli
0157:H7 based on the non-faradaic detection of DNA hybridiz-
ation signals; and (iv) cross-validation with the gPCR
technique.

2. Experimental section
2.1. Materials

ITO slides with a resistivity of 8 to 12 Q ecm™" (Sigma, USA)
were used for the fabrication of the ZEC sensor
chip. 3-Aminopropyltrimethoxysilane (APTES) and GA were
obtained from Thermo Fisher Scientific, USA. All the reagents
and buffers were prepared using sterile deionized water. Media
for bacterial growth were obtained from HiMedia (Mumbali,
India).

2.2. Instrumentation

The EIS studies were performed with a CompactStat measure-
ment station (Ivium Technologies, Netherlands) in a custo-
mized three-electrode setup comprising Ag/AgCl electrode as
the reference electrode and a platinum wire as the counter
electrode. The ITO electrodes were precisely cut with a
diamond wire saw to maintain constant dimensions and were
used as the working electrodes. All the electrodes were placed
on a Teflon holder mounted on a small glass vial of 3 mL
capacity for the electrochemical measurements. Cyclic voltam-
metry (CV) and EIS characterization of the ZEC sensor chip
and further capacitance measurements for sensing of E. coli
0157:H7 ATCC 43895 were performed using the electro-
chemical instrument mentioned earlier in this section.

2.3. Bacterial strains and culture conditions

The bacterial strains were procured from Microbial Type
Culture Collection and Gene Bank (MTCC, India) and
American Type Culture Collection (ATCC, US). All bacterial
strains, E. coli O157:H7 ATCC 43895, Escherichia coli MTCC
3221, Escherichia coli O78:H11 MTCC 723 and Bacillus subtilis
MTCC 736 were grown to attain logarithmic phase (Optical
Density at 600 nm [OD600], 0.5 to 0.6) in Trypticase Soy Broth
(TSB) at 37 °C.

2.4. Spiking of water samples and DNA extraction

E. coli ATCC 43895 cells were grown until they reached the log-
arithmic phase (ODgoo 0.5 to 0.6) in TSB. The culture was
adjusted to a 0.5 McFarland standard (1% H,SO, v/v, 1.175%
BaCl,-2H,0 w/v) to serially dilute it 10 fold in sterile bacterio-
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logical saline (0.85% NacCl). An aliquot of 10~° dilution was
used to spike 10 mL autoclaved potable water samples. The
membrane filtration method was performed as described
earlier by Deshmukh et al®® Following the membrane fil-
tration, the filter was incubated on Difco™ 4-methyl-
umbelliferyl-p-p-galactopyranoside and indoxyl-f-p-glucuronide
(MI) agar supplemented with 5 pg mL™" cefsulodin (MP
Biomedicals, Santa Ana, USA) for 24 + 2 h at 37 °C. Two colo-
nies of E. coli ATCC 43895 were selected from the MI agar plate
and subjected to DNA extraction using a NucleoSpin® tissue
DNA extraction kit (Macherey-Nagel, Germany) as per the man-
ufacturer’s instructions. The DNA concentrations were
measured using a NanoDrop™ spectrophotometer (Thermo
Fischer Scientific, USA), which yielded 35.1 ng uL™" with an
AseolAzgo ratio of 1.8.

2.5. Design of the primers and probe

DNA probes are of great importance to the success of DNA
sensor-based assays; therefore, the primers and probes were
designed by constructing alignment of multiple 23276
sequences obtained from public databases. The PrimerQuest
Tool from Integrated DNA Technologies (IDT, Coralville, USA)
was employed to choose the candidate primer sequences. The
forward primer (from 320 to 340 nucleotides, 5'-
AATGGATGCCCTGAAACCTC-3'), the reverse primer (from 417
to 437 nucleotides, 5-TGAGCTTGCCCTAGAATTG-3') and the
DNA probe (from 372 to 396 nucleotides, 5-NH,-(CH,)s-
TAGCCTTACCGCTGACCCATTGTT-3’) were designed to target
the 23276 genetic marker of E. coli O157:H7 EDL 933
(GenBank accession number AE005174). The oligonucleotide
primers and the aminated DNA probe were synthesized by
Integrated DNA Technologies (Coralville, USA). The specificity
of the probe was further evaluated using the BLAST suite of
software available at the NCBI site (http:/blast.ncbi.nlm.nih.
gov/Blast.cgi).

2.6. Quantitative PCR (qPCR)

The ¢PCR amplification reaction was executed by a
LightCycler® 96 Real-Time PCR system (Roche Diagnostics,
Risch-Rotkreuz, Switzerland) using FastStart Universal SYBR
Green Master mix (Roche Diagnostics). 5 uL of an appropri-
ately diluted concentration of the template was added to a
20 pL gPCR reaction containing 50 pmol of forward and
reverse primers, 3.3 pug pL~' bovine serum albumin, and 2x
FastStart Universal SYBR Green Master mix.”® A volume of 2 pL
of PCR-grade water (Roche Diagnostics) was used to adjust the
volume of the PCR reaction. In each experiment, 5 pL of nucle-
ase-free water was added to a PCR reaction mixture to serve as
a no-template control (NTC). The following PCR amplification
conditions were used: initial thermal cycling for 180 seconds
at 95 °C followed by 40 cycles of 30 s at 95 °C, 30 s at 58 °C,
and 30 s at 72 °C. The specificity of the assay was examined by
melting temperature (T,) profiles produced for the amplicons
over a temperature range of 65 °C to 95 °C.>° The qPCR cali-
bration curve was generated by amplification of purified DNA
of E. coli 0157:H7 ATCC 43895 in the 0.1 picogram (pg) to 50
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pg range, wherein the experiments were performed in tripli-
cate. The cycle of quantitation (C,) values for each amplicon
was plotted against the log of each DNA concentration used.
Purification of PCR products was carried out using a PCR
Clean-Up kit as per the manufacturer’s instructions (APS
Lifetech, Pune, India).

2.7. Fabrication of ZEC sensor chip

Prior to surface modification, the Bare ITO chip was initially
cleaned by treating it with basic piranha solution
(NH4OH : H,0,: H,0 in a 1:1:5 ratio, respectively) for 20 min
at 80 °C. Subsequently, it was rinsed extensively with deionized
water and completely dried under a nitrogen atmosphere. For
the silanization process, the Bare ITO chip was incubated for
1 hour in 1% APTES prepared in 95% ethanol to form -Si-O-
bonds.'" After incubation, the APTES-coated ITO chip was
washed thoroughly using absolute ethanol to remove the
excess unbound organosilane from the ITO surface. The
APTES-coated chip was denoted as S-ITO. Then, the S-ITO chip
was immersed in 10% GA for 2 hours to form the GA film
through amine-aldehyde bonds. The GA-coated chip was
denoted as G-ITO. The G-ITO chip was then washed sufficiently
with ultrapure water to wash off any unbound GA. The area on
the G-ITO surface was controlled using insulation adhesive
tape, as shown in Fig. 1. The aminated DNA probe (20 ng
pL™") was then immobilized onto the G-ITO chip in an area of
approximately 3.14 mm? (Fig. 1) and incubated for 2 hours at
room temperature in a humid chamber. The unbound probe
was removed by thorough washing with phosphate-buffered
saline (PBS, 10 mM, pH 7.4). The DNA probes were reduced
and stabilized as described by Le at al.’* The chip after immo-
bilization with DNA probe was designated as the ZEC sensor
chip. The hybridization was carried out using genomic DNA
(denatured at 95 °C) for 5 min with an immobilized 23276
DNA probe onto the ZEC sensor chip surface. After hybridiz-
ation, the sensor was washed with copious amounts of PBS to
remove the unbound single-stranded DNA (ssDNA).
Schematics of the ZEC sensor chip fabrication and the electro-
chemical measurement setup have been outlined in Fig. 1.
Different types of DNA targets were purified from cells of
E. coli MTCC 3221, E. coli O78:H11 MTCC 723 and B. subtilis
MTCC 736 in order to study the specificity of the fabricated
ZEC sensor chip. The LOD was calculated using the equation
LOD = 3 x sd/m, where sd and m denote the standard deviation
and the slope of the calibration curve, respectively.°

2.8. Characterization of the ZEC sensor chip

For electrochemical characterization of the ZEC sensor chip,
impedance measurements were performed for (I) Bare ITO; (II)
S-ITO; (III) G-ITO and (IV) the ZEC sensor chip before and (V)
after DNA hybridization. The electrolyte employed methodi-
cally was PBS solution containing no DNA target. A laboratory-
made electrochemical cell consisting of a three-electrode set-
up was used in which the liquid volume was 700 pL. The ZEC
sensor chip served the purpose of the working electrode. The
reference and counter electrodes were Ag/AgCl and platinum
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Fig. 1 Schematics representing the different steps of ZEC sensor chip fabrication and the capacitance measurement of DNA from E. coli O157:H7
cells. CPE, double layer capacitance; W, Warburg resistance; R, solution resistance; and R, charge transfer resistance.

wire, respectively. The EIS response signals were quantitatively
measured between 10~ and 10> Hz with an applied alternat-
ing potential of 10 mV peak to peak. This work was performed
to develop a capacitive ZEC sensor chip without the use of
labels based on the principle of capacitive sensing reported
elsewhere.*"** Surface topographical studies at different stages
of sensor chip fabrication were performed using AFM
(NTEGRA Prima, NT-MDT, Russia) and SEM (Quanta 250 FEG,
Thermo Fischer Scientific, USA), both at Birla Institute of
Technology and Science, Pilani, Goa Campus (Goa, India). For
the AFM studies, the fabricated chips, viz., Bare ITO, S-ITO,
G-ITO, and ZEC sensor chips before and after DNA hybridiz-
ation, were scanned in an area of 3 pm® in a semi-contact
mode. Data analyses were performed using the Nova software
suite (NTEGRA Prima, NT-MDT, Russia). For SEM studies, Bare
ITO and the ZEC sensor chips before and after DNA hybridiz-
ation were subjected to sputter coating (Leica EM ACE600, UK)
with gold/palladium. The SEM imaging of the fabricated ZEC
sensor chip was executed using a Quanta 250 FEG at 400 000x
magnification. Attenuated total reflection Fourier-transform
infrared spectroscopy (ATRFT-IR) analyses for the ZEC sensor
chips before and after hybridization with complementary DNA
were performed using IRAffinity-1S (SHIMADZU, Japan).

2.9. Determination of pinholes

The pinholes present on the surfaces of S-ITO, G-ITO, and the
ZEC sensor before and after hybridization with ssDNA were cal-
culated from the experimentally obtained EIS data using 1 mM
[Fe(CN)s*/*~ prepared in 10 mM PBS. The charge transfer
resistances (R.) of the ZEC sensor chip at different stages of
fabrication were calculated by fitting the EIS data, as shown in
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the equivalent circuit (Fig. 1). The fractional coverage area (FA)
of each fabricated sensor chip was calculated using the

equation reported by Campuzano et al.:**
R.¢(Bare ITO chip)
FA=1— v T
R.(Modified ITO chip)

(1-FA) x 100 denotes the percentage of pinholes present on the
modified ITO chip surface.**>*

2.10. Statistical analyses

All individual results were recorded and statistical signifi-
cances were calculated using Microsoft Excel 2007 software
(Microsoft Corporation; Redmond, WA, USA). When the two-
sided p-value was less than 0.05, we concluded that there was a
significant difference between the two recorded experimental
values. All the graphs were plotted using OriginPro 8 SRO soft-
ware (OriginLab Corporation, Northampton, MA, USA).

3. Results and discussion

3.1. Electrochemical analyses for the study of the capacitive
properties of the ZEC sensor chip

The capacitive natures of the Bare ITO, S-ITO, G-ITO and ZEC
sensor chips were evaluated electrochemically using direct
current (DC) and alternating current (AC) bias conditions. The
DC and AC analyses of the ZEC sensor chip were performed
using CV and EIS techniques, respectively. Both these methods
were applied to study the capacitive behavior by analyzing
different parameters, such as resistance, relative permittivity,
impedance, phase, and capacitance. To investigate these para-
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meters, an electrochemical cell connected to an analyzer was
used. DC analyses were performed to study the insulating
nature of the ZEC sensor chip surface, where CV sweeps
between —0.4 V and +0.4 V were applied and the resulting vol-
tammograms were recorded. The voltammograms demon-
strated the resistance offered by the various chip surfaces to
electron movement, proving the insulating nature of the fabri-
cated sensor chip surface. The Bare ITO chip showed well-
defined redox peaks of the redox couple, whereas no such
peaks were observed for the G-ITO or ZEC sensor chips (ESI
Fig. S11).%°

The capacitive behavior of the sensor chips, namely Bare
ITO, S-ITO, G-ITO, and the ZEC sensor chip at various stages
of fabrication, was further confirmed by EIS studies based on
analyses of the impedance (Fig. 2A) and phase curves (Fig. 2B)
of the Bode plots. The impedance analyses showed a slope of
—0.9 for Bare ITO and a slope of —0.87 for S-ITO, which were
observed to be lower than the slopes of G-ITO (—0.92) and the
ZEC sensor chip (—0.94) (Fig. 2A). The slope values nearing —1
for the G-ITO and ZEC sensor chips indicate their insulating
nature and approach the ideal Randles equivalent circuit for
capacitive behavior.’® Moreover, these improved slopes for the
G-ITO and ZEC sensor chips along with the higher values of
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impedance for Bare ITO and S-ITO (Fig. 2A) reveal the insulat-
ing nature of the ZEC sensor chip®” and its suitability for
capacitance-based sensing of E. coli O157:H7. Interestingly,
the same capacitive behavior of the fabricated ZEC sensor chip
was also evident from the phase-change curves, as shown in
Fig. 2B. It was evident that the ZEC sensor chip exhibited the
highest phase (87°) at 10 Hz, whereas the G-ITO chip showed a
phase value of 85.82° (Fig. 2B), higher than what was observed
for Bare ITO (85.34°); this indicates nearly ideal capacitive be-
havior of the ZEC sensor at 10 Hz. The recorded phase value
for S-ITO was 84.94°. The capacitive properties of the Bare ITO,
S-ITO, G-ITO, and ZEC sensor chip surfaces were further inves-
tigated using the relative permittivity variations with respect to
frequency, as shown in Fig. 2C. It was observed that S-ITO
showed higher relative permittivity than Bare ITO, G-ITO and
the ZEC sensor chip, which can be attributed to the presence
of -NH, groups in APTES. However, the G-ITO and ZEC sensor
chips showed lower permittivity; this, in turn, confirmed their
insulating nature under DC bias studies (Fig. 2C). The capaci-
tive properties of the ZEC sensor chip were further studied
using capacitance variation plots, as shown in Fig. 2D.

The capacitance value is directly proportional to the relative
permittivity; hence, similar capacitance variations were
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Fig. 2 Characterization of the fabricated electrodes for the development of a ZEC sensor chip for the detection of E. coli O157:H7 ATCC 43895.
Impedance components of the Bode plots (A); phase components of the Bode plots (B); relative permittivity variation plots (C); and capacitance vari-
ation plot (D) corresponding to electrodes at different stages of sensor fabrication recorded in PBS using EIS. A frequency range of 107" to 10> Hz

was used with an applied potential of 10 mV.
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observed for all the fabricated chips except for S-ITO. In the
cases of the Bare ITO, G-ITO and ZEC sensor chips, the capaci-
tance followed a descending trend and was found to be directly
proportional to the relative permittivity, as illustrated in
Fig. 2C. Even with the descending trend of capacitance value,
we did not observe a rapid variation of capacitance over a wide
range of frequency; hence, these observations indicate the suit-
ability of the ZEC sensor chip for capacitance-based biosensor
development. In addition, analyses of the admittance plots
further suggested capacitive behavior corresponding to the
ZEC sensor chip at different steps of fabrication (ESI Fig. S27).
Fig. S2A (ESIt) shows the variations of the real and imaginary
parts of the admittance, which correspond to the resistive and
capacitive effects of Bare ITO in the frequency range of 10" to
10° Hz. The imaginary part was above the real part, and the
capacitive behavior was found to overcome the resistive behav-
ior only after 680 Hz in the case of the Bare ITO chip. In the
case of S-ITO, the imaginary part was above the real part after
714 Hz (ESI Fig. S2Bt); this suggests the presence of pinholes,
which allow the resistive current component to dominate the
capacitive current component. Further improvements were
observed in the cases of the G-ITO and ZEC sensor chips, as
shown in Fig. S2C and Fig. S2D (ESI}). Both the figures show
dominance of the capacitive component over the resistive com-
ponent in a wide frequency range, starting from 1197 Hz and
1640 Hz, respectively; this indicates the suitability of these fab-
ricated chips for the purpose of capacitive sensing. The ratios
of the imaginary and real components of admittance corres-
ponding to the ZEC sensor chip were calculated at different
steps of fabrication in the given frequency range, as shown in
Table 1. In the case of G-ITO, it was found that at 10 Hz, the
ratio of 22.48 was higher than at the other frequencies; this
confirms the higher phase angle variation at 10 Hz compared
to other frequencies, as shown in Fig. 2B. Moreover, the ZEC
sensor chip had the highest ratio of admittance (24.8621) over
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Bare ITO (14.4728), S-ITO (10.8831) and G-ITO (22.48) at 10 Hz
in the whole frequency range (Table 1).

These ratios of the imaginary to the real part of the admit-
tance values indicate that at 10 Hz, the capacitive reactance
value dominated the resistance value; this confirms the
highest capacitive effect of the ZEC sensor chip in the fre-
quency range tested (Table 1; ESI Fig. S2+). Hence, 10 Hz was
taken as the working frequency for the desired capacitance
measurements.

The equivalent circuit parameters corresponding to the pro-
posed model were calculated at each stage of sensor fabrica-
tion, as shown in Table 2. In the proposed model, R. rep-
resents the charge transfer resistance, CPE (constant phase
element) denotes the double layer capacitance, w indicates the
finite length Warburg impedance, and Ry represents the solu-
tion resistance at the interface of the ZEC sensor chip surface
and the test solution (PBS). The proposed model was the best
fitted model when calculating the equivalent circuit para-
meters by optimizing the phase and the magnitude of the
Bode plots using Ivium software. Fig. S3A-S3] (ESIt) depicts
the circuit fitting plots employed in the EIS studies. The equi-
valent circuit parameter, charge transfer resistance (R,
showed a change in value from 4.112 x 10° Q for Bare ITO to
3.275 x 107 Q and 2.025 x 10° Q for G-ITO and the ZEC sensor
chip, respectively, confirming the surface modification by GA
and the attachment of the DNA probe onto the ZEC sensor
chip. A further increase in R was observed after DNA hybridiz-
ation with the ZEC sensor chip (Table 2). This increase of R
precisely indicates the highly insulating nature of the ZEC
sensor chip. However, in the case of S-ITO, the R, value was
found to decrease to 1.692 x 10> Q compared to Bare ITO,
which may result from the -NH, groups of APTES.

The CPE has two components, Q, and n. An n value greater
than 0.75 is an indicator of the closeness of the CPE to an
ideal capacitor. The capacitance values C corresponding to

Table 1 Ratios of the imaginary to the real part of the admittance values for Bare ITO, S-ITO, G-ITO, and the ZEC sensor at different frequencies

Frequency (Hz) 10° 10* 10° 10> 10" 10°
Bare ITO 0.04474 0.1116 0.7090 5.2829 14.4768 13.180
S-ITO 0.0201 0.1170 0.7741 3.4738 10.8831 6.1534
G-ITO 0.07296 0.8974 1.4666 1.4666 22.48 13.8545
ZEC sensor 0.02 0.1664 1.15 5.1807 24.8621 14.6348

Table 2 Equivalent circuit fitted parameter values obtained for the ZEC sensor chip using EIS data in 10 mM PBS

Q (Constant phase

element)
Warburg impedance
Characteristic Ry (Q) R (Q) Qo (S) n C ((Qo % Ret)"™Ret) (WF) (W) (1/0hm Hz"?)
Bare ITO 1.879 x 10> 4.112 x 10° 1.472 x 107 0.9655 1.568 4117 x 107°
S-ITO 1.581 x 10> 1.692 x 10° 94.92 x 107° 0.9899 93.165 3.805 x 1078
G-ITO 1.304 x 10* 3.275 x 107 1.031 x107° 0.9136 1.438 1.148 x 1078
ZEC sensor 1.558 x 10* 2.025 x 10° 1.177 x 107 0.9799 1.316 1.762 x 1078
After hybridization with DNA 1.614 x 10> 5.652 x 10° 1.063 x 107° 0.9788 1.221 3.134 x107®
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CPE were calculated by the formula given in Table 2. The fitted
values for CPE at different stages of ZEC sensor chip fabrica-
tion indicate that the n value at each stage was higher than
0.75 and approached the ideal value of 1. The closeness of n to
1 indicates that the behavior of the ZEC sensor chip surface
approaches the behavior of an ideal capacitor. The capacitance
values calculated from the CPE at each stage of sensor fabrica-
tion are shown in Table 2. A decrease in the net capacitance
value was noted for the fabricated ZEC sensor chip (Table 2).
The increase in capacitance for the S-ITO chip (93.165 uF) over
the capacitance value of the Bare ITO chip (1.568 puF) distinctly
indicates the surface modification of B-ITO with silane.

A drastic change in the capacitance values from S-ITO to
G-ITO was observed, with changes in Q, (S) from 94.92 x 107°
to 1.031 x 107° respectively. This change shows that the
surface modification with GA increased the insulation of the
surface (the dielectric property). When comparing the Q, and
n values of G-ITO and the ZEC sensor chip, it was observed
that there was no significant change in Q, but there was a con-
siderable change in the n value; this indicates the ideal capaci-
tive nature of the ZEC sensor chip. Furthermore, the decline in
the net capacitance value of the ZEC sensor chip to 1.316 pF
over the G-ITO chip (1.438 pF) confirmed the binding of the
DNA probe; this decline in capacitance can be attributed to
the increased value of R in the case of the ZEC sensor chip.
Ramanavicius et al. (2010) reported a pyrrole-based system to
develop an impedimetric immunosensor wherein the equi-
valent circuit analysis was performed by taking the CPE as a
component of the modelled circuit. The stepwise modification
in the pyrrole-based immunosensor development was studied
by observing the variation in the CPE parameters. The vari-
ations of the CPE and n values clearly demonstrated the layer-
by-layer modification of the developed impedimetric immuno-
sensor.*® Similar trends in the variation of the n and Q, values
were observed here, which confirms the applicability of the
modelled equivalent circuit proposed in the present
investigation.

Further, the insulating behavior of the fabricated ZEC
sensor chip suitable for capacitive sensing was confirmed by
studying the % of pinholes present on the sensor chip surface,
which may disrupt the capacitive sensing. The transducer layer
should be thin, insulating and devoid of pinholes. A surface
with pinholes may short-circuit the system and, hence,
decrease the effectiveness of the capacitive sensing of ana-
lytes.*® For the determination of the % pinholes, the R, values
for the ZEC sensor chip at each stage of fabrication were calcu-
lated, as shown in Table 3. The electrolyte (PBS) could access
the ITO surface through the pinholes. Pinholes probably
appear as a result of flawed adsorption of the monolayers onto
the sensor chip surface during the self-assembly step or loss of
the monolayers during washing or reuse.** Therefore, it is
evident from the % pinholes measurements that the Bare ITO
chip surface was successfully coated with APTES, GA, and the
DNA probe. The percentages of pinholes demonstrated that
due to the immobilization of the DNA probe, the pinholes
present on the ZEC sensor chip decreased to 25% compared

This journal is © The Royal Society of Chemistry 2020
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Table 3 Characterization of the ZEC sensor chip based on the frac-
tional coverage area and percentage of pinholes calculated by EIS data
using 1 mM [Fe(CN)g]*/4~ prepared in 10 mM PBS. It can be observed
that the R (Q) value increased after the fabrication of each electrode
chip and the % pinholes tended to decline

Charge transfer

Characteristics resistance (R.;) FA % pinholes
Bare ITO 2.321 x10* Q Reference Reference
S-ITO 1.187 x 10* Q —0.9553 195.53
G-ITO 1.137 x 10° Q 0.9795 2.05

ZEC sensor 1.501 x10°Q  0.9845 1.55

After hybridization with DNA 1.595 x 10° Q 0.9854 1.46

with the pinholes on G-ITO. Moreover, in the case of the ZEC
sensor chip hybridized with DNA, the percentage of pinholes
further declined to 8% compared to the pinholes present on
the ZEC sensor chip (Table 3). These results indicate that GA
and the immobilized DNA probe behaved as ionic insulators
and, thus, rendered the chip virtually defect-free. However, in
the case of the S-ITO chip, we observed very high % pinholes
and a negative value for the fractional coverage area (—0.9553),
as shown in Table 3. The fractional coverage area cannot be a
negative value. However, this may have resulted from the pres-
ence of the -NH, groups of APTES, which may have led to the
increased flow of electrons at the chip interface, as observed in
Fig. S1 (ESIt). Hence, the R value for the S-ITO chip concomi-
tantly declined (1.187 x 10* Q) compared with the R, value of
the Bare ITO chip (2.321 x 10* Q) (Table 3).

3.2. AFM and SEM analyses for surface topography studies of
the ZEC sensor chip

The numerical data for the surface topographies of Bare ITO,
S-ITO, G-ITO, and the ZEC sensor chips before and after
hybridization with DNA targets were studied using AFM in
semi-contact mode and are shown in Table S1 (ESIt).

Notably, the AFM studies revealed the granular structure of
the ITO surface, with an average roughness of 1.40293 nm
(Fig. 3A). In addition, changes in the surface topographies of
the S-ITO chip (Fig. 3B), G-ITO chip (Fig. 3C) and ZEC sensor
chip (Fig. 3D) were observed, indicating the subsequent modi-
fication of the ITO surface. After silanization, a smooth surface
of S-ITO was obtained, with an average roughness of 0.26 nm.
This can be attributed to the formation of a thin APTES film
on the ITO surface via -Si-O- bond formation (Fig. 3B).
Moreover, after GA attachment, the average roughness of the
G-ITO chip surface increased to 0.83 nm, as depicted in
Fig. 3C. It should be noted that the average roughness of the
ZEC sensor chip surface increased to 1.27 nm upon probe
immobilization, which can be attributed to the immobilization
of a well-aligned layer of the aminated DNA probe on the fabri-
cated ZEC sensor chip surface (Fig. 3D). The average surface
roughness and average height after hybridization with ssDNA
were recorded as 2.04 nm and 9.02 nm, respectively; this indi-
cates that the ssDNA hybridized with the immobilized DNA
probe present on the ZEC sensor chip surface (Fig. 3E).
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Fig. 3 Characterization of the surface topographies of the ZEC sensor chip using AFM. The AFM images were scanned in a 3 um? area using semi-
contact mode in air for the Bare ITO chip surface (A); S-ITO chip surface (B); G-ITO chip surface (C); the ZEC sensor chip surface before hybridization
(D); and the ZEC sensor chip surface after hybridization (E) with E. coli O157:H7 DNA.

SEM images demonstrated the surface morphologies of the
Bare ITO chip, ZEC sensor chip, and ZEC sensor chip hybridized
with the DNA of E. coli O157:H7 cells (ESI Fig. S5%). Fig. S5A
(ESIT) shows rugged grains similar to the structures visible on
the surface of the Bare ITO chip. Upon DNA probe immobiliz-
ation on the G-ITO chip, it was observed that the two-dimen-
sional structure contained smooth stacking layers, indicating
apparently uniform attachment of the DNA probe (ESI
Fig. S5BY); this is also evident from the % pinholes determi-
nation (Table 3). Moreover, DNA hybridization could be clearly
visualized on the ZEC sensor, as shown in Fig. S5C (ESI}), where
the arrow indicates the unhybridized region on the ZEC sensor.

3.3. ATR FT-IR studies

The ATR FT-IR spectrum of the ZEC sensor chip showed peaks
at 781, 884, 959, 1058, 1215, 1275, 1370, 1424, 1482, 1535, 1640,
1690, 1749, and 3383 cm™', demonstrating the characteristic
functional groups of DNA.*>*® ATR FT-IR spectrum of the ZEC
sensor chip after DNA hybridization exhibited similar peaks for
different bases, with enhanced peak intensities (Fig. 4).

The peaks observed at 1424, 1640, 1535 and 1749 cm™
characterize the presence of cytosine, thymine, adenine, and
guanine, respectively. The peaks at 884 to 781 cm™" corres-
pond to sugar-phosphate and deoxyribose ring vibrations,
respectively. In addition, 1215 to 959 cm™" represent the asym-
metric and symmetric PO,” groups of the phosphodiester
deoxyribose backbone. The peaks at 1275, 1525, 1640 and
3383 cm™" can be attributed to N-H stretching and bending of
pyrimidine and purine rings. The peaks at 1779 to 1482 cm™*

1
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Fig. 4 ATR FT-IR spectra of the ZEC sensor chip before and after
hybridization with complementary z3276 DNA from cells of E. coli O157:
H7.

indicate the C=N, C=0, and C=C stretching and the exocyc-
lic-NH, vibration of DNA bases. These observations corrobo-
rate the DNA probe immobilization and hybridization with
E. coli 0157:H7 DNA.

3.4. Capacitance-based detection of E. coli ATCC 43895

Using EIS, capacitance-based signals were recorded for
different DNA concentrations in the range of 0.1 to 50 pg per
10 mL after baseline measurements in PBS without the DNA
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target. A declining trend in capacitance value for each DNA
concentration was observed, as shown in Fig. 5A. This decline
in capacitance value indicates the hybridization of each comp-
lementary DNA target with the DNA probe, except for the 50 pg
per 10 mL DNA concentration, which may be due to saturation
of the DNA probe at this concentration. In addition, the rela-
tive permittivity variation exhibited a declining trend of the
dielectric property for each DNA target concentration used,
which reinforces the obtained result of the declining trend of
capacitance value for each DNA target (ESI Fig. S6AT).
Together, these observations suggest desirable capacitive be-
havior of the fabricated ZEC sensor chip for the detection of
E. coli O157:H7. The capacitance change response was
recorded for various concentrations of DNA targets in the 0.1
to 25 pg per 10 mL range, as shown in Fig. 5B. The fabricated
ZEC sensor chip exhibited a linear response in the 0.5 to 25 pg
per 10 mL range, with a coefficient of determination (R*) of
0.971. Similarly, the relative permittivity change response sup-
ported the results obtained for the capacitance change
response for DNA target concentrations over the 0.1 to 25 pg
per 10 mL range; the capacitance change followed a descend-
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ﬁkik‘ﬂﬁiiﬁlﬁiﬂﬁfﬂiﬁii

™
= 0.94 —=—B8lank
S »)
o —e+—0.1pg
§ —+—0.5pg
2 —v—1pg
S 0.6
§ —+—5pg
® —<—10pg
© —»—25pg
0.3 —<—50pg
10" 10° 100 100 100 10° 10°
Frequency (Hz)
4.94
4.2
3.5
nj: 2.8 5
~
2.14 “1.5
1.4
0.7
0.0
0 10 20 30 40
Cycle

View Article Online

Paper

ing trend and was found to be directly proportional to the rela-
tive permittivity (ESI Fig. S6Bt).

However, the low infective dose of E. coli O157:H7 requires
the advancement of sensors with lower limits of detection.*!
Wang et al. reported a LOD of 150 CFU mL ™" for E. coli 0157:
H7 using electrodeposition of gold nanoparticles onto a gra-
phene oxide-modified paper electrode for physisorption of a
polyclonal antibody.** A similar impedimetric immunosensor
for E. coli O157:H7 was reported by Wan et al. based on gold
nanoparticles with a LOD of 100 CFU mL™".** The use of gold
nanoparticles modified with thiolated protein G for the detec-
tion of E. coli 0157:H7 with a LOD of 48 CFU mL™' was
reported by Lin et al.** Ruan et al. reported an impedimetric
E. coli O157:H7 immunosensor with a LOD of 6 x 10° CFU
mL™" using surface immobilization of antibodies onto ITO
electrodes.*” Similarly, Yang et al. reported an impedimetric
immunosensor for rapid detection of E. coli O157:H7 with a
LOD of 10° CFU mL™" using anti-E. coli antibodies immobi-
lized onto an ITO interdigitated array microelectrode.*® In
comparison, in the present work, a much lower LOD of
13.67 CFU per 10 mL (equivalent to 0.1 pg DNA) for E. coli

90 = ZECsensor (R°=0.971;y=22.4x+4439) B
2 -28
= QPCR (R°=0.937;y =-3.38 x + 25.83
75
26
™ ! 2
c <
~ 60 - o
3 : :
, 24
45 3
22
304—,

-0.4 ' 0:0 ' 014 ' 0:8 ' 1:2 ' 1:6
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0.007 4
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Fig. 5 Capacitance-based detection of E. coli O157:H7 using EIS and its validation by qPCR. Capacitance variation plots for different analyte con-
centrations (pg per 10 mL) recorded in PBS (A); relationships between the capacitance and C value for 0.5, 1, 5, 10 and 25 pg per 10 mL analyte con-
centrations in PBS (B); and validation of the capacitance-based sensing of E. coli O157:H7 by qPCR using the amplification curves (C) and melting
curves (D) for 0.1, 0.5, 1, 5, 10, 25 and 50 pg DNA per PCR reaction. AR, fluorescence intensity change; NTC, no-template control; and —df/dt, fluor-

escence per unit temperature.
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0157:H7 was obtained using the ZEC sensor chip, with a
10 min response time at the working frequency of 10 Hz and
10 mV applied AC potential. The sensitivity of the ZEC sensor
chip can be attributed to the specificity of the z3276 DNA
probe. In addition, all the studies cited above utilized [Fe
(CN)6]*™*~ as the redox couple, whereas no redox probe has
been used in our work. Moreover, in the three-electrode
system, there is no potential drop across the reference elec-
trode; hence, an accurate potential develops at the working
electrode against the counter electrode, so no electrical signal
masking is observed for the capacitance measurements."’
Because of the three-electrode system and the insulating
nature®” of the ZEC sensor chip, no short-circuiting phenom-
enon was observed in the capacitance measurements.

The performance of the capacitance-based estimation of
DNA hybridization for detection of E. coli O157:H7 ATCC
43895 was further validated by qPCR based on the amplifica-
tion signals obtained for each DNA target (Fig. 5C). The melt
curve analysis of each DNA target indicated that the qPCR
amplification was highly specific for the detection of E. coli
0157:H7 ATCC 43895 (Fig. 5D).

Analyses of the melt peaks are also crucial in order to obtain
reproducible amplification of target genes without non-specific
PCR product formation.*®*® Moreover, the sensitivity of the ZEC
sensor chip was validated using the PCR calibration curve
(Fig. 5B) to detect each DNA target concentration by qPCR (R* =
0.937). For this purpose, the capacitance change response of
each DNA target was analyzed using the same measurement set-
tings. The lowest concentration of DNA (0.1 pg; average Cg,
32.34 + 0.91) amplified by qPCR exhibited a capacitance change
response of 26.65 + 2.1 nF (0.1 pg per 10 mL); the capacitance
change response followed a descending trend with increasing
DNA concentration, as validated based on the C, values for 0.5,
1, 5, 10, and 25 pg DNA per 10 mL concentrations (Fig. 5B).
Fig. 5B illustrates that the capacitance change response and the
Cq value have a linear relationship. These results demonstrate
that the fabricated ZEC sensor chip possesses better linearity
and a better quantification limit compared with the previously
reported E. coli O157:H7 sensors (ESI Table S21). Moreover, the
sensor chips tested from different batches of experiments
showed variations of <5%, indicating acceptable repeatability.

3.5. Recovery rate and analyses of real water samples

To evaluate the recovery rate and efficiency of the ZEC sensor
chip, E. coli 0157:H7 cells were spiked in tap water samples.
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E. coli cells from 15 to 150 CFU per 10 mL were always detected
by the ZEC sensor chip in each spiking experiment. All water
samples were found to be negative for 23276 gene detection
prior to the spiking experiments using the gPCR method.
Bacterial cells were always detected by the ZEC sensor chip at
concentrations as low as 13.67 + 1.15 CFU per 10 mL, as vali-
dated by qPCR and average bacterial counts on MI agar plates
(Table 4).>° The recovery rates were found to be 98.33%,
96.66% and 96.43% for 15, 75 and 150 CFU per 10 mL of
E. coli O157:H7, respectively, as shown in Table 4. The number
of CFU tested by the ZEC sensor chip was calculated by divid-
ing the number of CFU obtained on MI agar by 50 (total
volume eluted after DNA extraction) because only 10 pL of the
purified DNA sample was tested by the ZEC sensor chip. The
LOD at 95% confidence for E. coli O157:H7 detection esti-
mated by logistic regression was 13.67 CFU per 10 mL (equi-
valent to 0.1 pg DNA of E. coli 0157:H7; p-value of 0.0237).

3.6. Specificity analysis of the ZEC sensor chip

The analytical specificity of the fabricated ZEC sensor chip
showed that the DNA probe was highly specific for the identifi-
cation of E. coli 0157:H7 (Fig. 6). However, a small capacitance
change response of 3.3 + 0.75 nF was observed for E. coli
MTCC 3221 against a 0.1 pg per 10 mL (average, 26.65 + 2.1

Fig. 6 Histogram of cross-reactivity for 0.1, 1 and 10 pg per 10 mL
analyte concentrations of E. coli O157:H7 ATCC 43895 in PBS with DNA
from E. coli MTCC 3221 and E. coli O78:H11 MTCC 723.

Table 4 Spiking of potable water samples and determination of the recovery rate for the detection of E. coli O157:H7. The ZEC sensor chip could
detect as few as 13.67 + 1.15 CFU of E. coli O157:H7 per 10 mL of water sample, with a recovery rate of 98.33%

Target E. coli 0157:H7 Approximate DNA equivalent Average E. coli 0157:H7 count on CFU/qPCR CFU/ZEC Recovery
(CFU per 10 mL)* of target E. coli 0157:H7 (pg) MI agar (CFU per 10 mL) + SD reaction” Sensor® (%)

15 0.1 13.67 £ 1.15 1.48 2.96 98.33

75 0.5 70.33 +1.53 7.19 14.38 96.66
150 1 142 + 2.65 14.47 28.94 96.43

“n = 3. ”Number of E. coli CFU/qPCR reaction was estimated to be 5/50 of the average E. coli 0157:H7 count on MI agar.

28 ¢ Number of E. coli

CFU/ZEC sensor chip was estimated to be 10/50 of the average E. coli 0157:H7 count on MI agar.”®
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nF) DNA concentration of E. coli O157:H7 ATCC 43895.
Similarly, a negligible capacitance change response of 1.06 +
0.25 nF was noted for E. coli 078:H11 MTCC 723 against a 1 pg
per 10 mL (average, 44.66 + 1.52 nF) DNA concentration of
E. coli O157:H7 ATCC 43895. The analyses of the small capaci-
tance change responses of 3.3 + 0.75 nF for E. coli MTCC 3221
and 1.06 + 0.25 nF for E. coli O78:H11 MTCC 723 reveal that
these capacitance responses were statistically insignificant
compared with the capacitance change response to E. coli
0157:H7 ATCC 43895 from the baseline measurements. Fig. 6
reveals p-values of 0.42 for a 0.1 pg per 10 mL analyte concen-
tration of E. coli MTCC 3221 and 0.46 for a 1 pg per 10 mL
analyte concentration of E. coli 078:H11 MTCC 723. In com-
parison, the p-values for 0.1 pg per 10 mL and 1 pg per 10 mL
analyte concentrations of E. coli 0157:H7 ATCC 43895 were
found to be 0.03 and 0.006, respectively, from the baseline
measurements. Hence, we concluded that these negligible
cross-reactivities may have occurred due to a mismatch in the
base-pairing of the complementary DNA targets with the DNA
probe. Because capacitive sensing is highly sensitive to the
development of net charges at the interface of DNA hybridiz-
ation,*® changes in the capacitance responses for 0.1 pg per
10 mL and 1 pg per 10 mL DNA targets of E. coli MTCC 3221
and E. coli O78:H11 MTCC 723, respectively, were observed.
These capacitance variations probably occurred due to a net
charge increase at the interface, which could not replace the
solvent molecules present on the ZEC sensor chip surface
during the time of DNA-DNA interaction. This phenomenon
occurred near the sensor surface during the time of measure-
ment; it can be attributed to the specificity of the 23276 DNA
probe and the insulation of the ZEC sensor chip surface
toward non-specific adsorption of DNA targets from E. coli
MTCC 3221 and E. coli 0O78:H11 MTCC 723. Notwithstanding
the negligible cross-reactivity, as mentioned in the previous
section, no cross-reactivity of the developed ZEC sensor chip
was detected when DNA from B. subtilis MTCC 736 (0.1, 1 and
10 pg per 10 mL) was tested.

4. Conclusions and future horizons

Surveillance of water-borne disease outbreaks due to poor
water quality is required in a timely manner to save human
lives. Therefore, in the present work, a highly sensitive, novel
capacitive z3276 genetic marker-based ZEC sensor chip for the
sensitive detection of E. coli O157:H7 in water was developed.
The fabricated ZEC sensor chip was characterized by EIS, AFM,
SEM, and percentage of pinholes. The results obtained in our
study demonstrate a systematic declining trend of the capaci-
tance value upon DNA hybridization. The ZEC sensor chip for
E. coli 0157:H7 exhibited a linear capacitance change response
in the 0.5 to 25 pg per 10 mL range with a LOD of 13.67 CFU
per 10 mL (equivalent to 0.1 pg per 10 mL). Moreover, the fab-
ricated ZEC sensor chip did not yield any significant cross-
reactivity with E. coli MTCC 3221, E. coli O78:H11 MTCC 723
or B. subtilis MTCC 736; hence, we found the developed ZEC

This journal is © The Royal Society of Chemistry 2020
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sensor chip to be highly specific for sensitive detection of
E. coli O157:H7. Due to the sensitivity and specificity of
reported DNA-based sensing probes, these sensors have poten-
tial for practical use and commercialization as point-of-care-
devices. DNA sensors fabricated on conducting substrates
such as ITO can be miniaturized using the microfabrication
process and the non-conventional electrode fabrication
process. However, one of the key obstacles to DNA-based diag-
nostics is upstream processes such as DNA extraction and DNA
denaturation prior to the detection of DNA hybridization. In
future, a key challenge will be to develop a DNA sensor for the
detection of pathogens without prior concentration steps for
lab-on-chip applications.
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