
RESEARCH PAPER

PCR-assisted impedimetric biosensor for colibactin-encoding pks
genomic island detection in E. coli samples

Nadja E. Solis-Marcano1
& Myreisa Morales-Cruz1 & Gabriela Vega-Hernández1 & Ramón Gómez-Moreno2

&

Claudia Binder3 & Abel Baerga-Ortiz2 & Craig Priest3 & Carlos R. Cabrera1

Received: 18 March 2021 /Revised: 3 May 2021 /Accepted: 10 May 2021
# Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
A fast PCR-assisted impedimetric biosensor was developed for the selective detection of the clbN gene from the polyketide
synthase (pks) genomic island in real Escherichia coli samples. This genomic island is responsible for the production of
colibactin, a harmful genotoxin that has been associated with colorectal cancer. The experimental protocol consisted of
immobilizing the designated forward primer onto an Au electrode surface to create the sensing probe, followed by PCR
temperature cycling in blank, positive, and negative DNA controls. Target DNA identification was possible by monitoring
changes in the system’s charge transfer resistance values (Rct) before and after PCR treatment through electrochemical imped-
ance spectroscopy (EIS) analysis. Custom-made, flexible gold electrodes were fabricated using chemical etching optical lithog-
raphy. A PCR cycle study determined the optimum conditions to be at 6 cycles providing fast results while maintaining a good
sensitivity. EIS data for the DNA recognition process demonstrated the successful distinction between target interaction resulting
in an increase in resistance to charge transfer (Rct) percentage change of 176% for the positive DNA control vs. 21% and 20% for
the negative and non-DNA-containing controls, respectively. Results showed effective fabrication of a fast, PCR-based electro-
chemical biosensor for the detection of pks genomic island with a calculated limit of detection of 17 ng/μL.
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Introduction

Colibactin is a DNA-damaging genotoxic secondary metabo-
lite produced by the polyketide synthase multienzyme
encoded by the pks genomic island [1]. Discovered in 2006

by Nougayrède [2]; the pks island is widely present in the
human gut microbiota, harbored by certain strains of patho-
genic and commensal Escherichia coli bacteria [3]. Although
the chemical structure of the genotoxin has not been fully
identified, its synthesis includes a complex assembly line
composed of 19 genes denoted as clbA–clbS, where clbN
and clbB are believed to be involved in its biosynthesis [4].
Many studies link colibactin production to colitis-associated
colorectal cancer, therefore making it a molecule of interest in
biomedical research [5–8].

The development of new platform designs and materials is
an important factor to improve current in vivo and in-field
biosensor applications [9]. Customarily, miniature electrode
platforms are made up from metals, bioceramics, or inorganic
semi-conductors because of their intrinsic high conductivity
and high-definition processability; however, these suffer from
low flexibility, bio-incompatibility, and bioinstability [10].
Recently, polymers have emerged as one of the most promis-
ing candidates for next-generation microelectrode arrays for
both in vitro and in vivo applications [11]. Their chemical and
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physical properties offer advantages such as (1) relatively low
density, (2) increased mechanical flexibility, and (3) lower
costs that favors mass production [12].

Cyclic olefin copolymer (COC) is an amorphous thermo-
plastic composed of ethylene and norbornene polymers at
varying ratios, utilized for small electronics due to its perfor-
mance characteristics such as optical transparency, thermosta-
bility, and chemical resistance [13–15]. In the last few years,
there has been an increase interest in the utilization of COC as
biosensor substrate, specifically in microfluidics due to its
micropatterning ease and biocompatibility [16–19].

Polymerase chain reaction, or PCR, is an extremely sensi-
tive and precise enzymatic in vitro technique for the exponen-
tial amplification of DNA and RNA fragments from any kind
of organism [20, 21]. Its precision is defined by the selection
of specific primers that will hybridize only with the nucleic
acid molecule of interest, while its sensitivity has been proven
to effectively detect and amplify as low as one copy of target
DNA molecule [22, 23]. Since its invention in 1985, the PCR
technique and PCR-based detection systems have been exten-
sively studied for biomedical research [24–28], forensic stud-
ies [29, 30], environmental analysis [31–35], food industries
[36, 37], and even at the international space station for extra-
terrestrial experimentation [38]. Although this method is more
sensitive and less time consuming than its microorganism-
culture counterpart, it still requires multiple hours, materials,
and equipment to be completed. An electrochemistry-based
real-time polymerase chain reaction technique has been devel-
oped by Yeung et al. using a ferrocene redox marker to follow
the surface process [39, 40]. An electrochemical biosensor
based on isothermal rolling circle amplification (RCA), non-
PCR-based techniques, has been presented for rapid detection
of SARS-CoV-2 [41]. The assay involves the hybridization of
the RCA amplicons with redox-active label–functionalized
probes for electrochemical detection.

In this work, a PCR-assisted electrochemical sensor for
the detection of the clbN gene from the pks genomic is-
land in real E. coli samples was developed. This biosensor
utilizes the selectivity imparted by the PCR technique
coupled with the sensitivity of the electrochemical imped-
ance spectroscopy (EIS) measurements [42–44].
Combining the robustness of the COC substrate with the
precision of the photolithography technique, where a ro-
bust biocompatible sensing platform with potential for
future in vivo experimentation, was created. The experi-
mental procedure consisted in the immobilization of the
forward primer template or sensing probe onto a gold
electrode, followed by PCR treatment with a positive,
negative, or non-containing DNA control. Changes in
the resistance to charge transfer (Rct) values were follow-
ed by EIS analysis [45]. Unlike other sensors, where
lengthy PCR cycles and separation procedures need to
be done, our PCR-assisted impedimetric biosensor was

optimized to a two-step process consisting of only six
(6) PCR cycles followed by direct impedimetric sensing.

Experimental

Chemicals, materials, and equipment

All reagents were obtained with high grades and used as re-
ceived. The pks-containing IHE3034 was a kind donation
from Dr. Eric Oswald at the University of Toulouse and the
non-pks-containing DH10B Escherichia coli was purchased
from Thermo Fisher. Both strains were cultivated in LBmedia
and their genomic DNAwas extracted by boiling for 10min in
nuclease-free water. Strain information is available in the
Supplementary Information (ESM). Dilutions of several
DNA concentrations were made from the stock solution with
nuclease-free water and stored at −20 °C until use. DNA con-
centration was measured using a UV NanoDrop. The oligo-
nucleotide primers were purchased from Integrated DNA
Technologies Inc., with the added amino terminal modifier
in the forward primer to ease surface modification. The primer
sequences are listed in Table 1. Upon arrival, the primers were
diluted with nuclease-free nanopure water at 18.0 MΩ cm
resistivity, to reach a concentration of 10 μM, and stored at
−20 °C until use. Taq DNA polymerase kit and dNTPs were
purchased from Thermo Fisher. PCR protocol was performed
using a Bio-Rad T100TM Thermal Cycler with the following
experimental conditions: a one-time 3-min initial denaturation
period at 95 °C, followed by successive cycles of (1) denatur-
ation at 94 °C for 1 min, (2) annealing at 50.4 °C for 40 s, and
(3) extension for 1 min at 68 °C, for a total PCR solution
volume of 100 μL. Biologic VMP3 Potentiostat/
Galvanostat/EIS was utilized to perform all electrochemical
analysis in a three-cell system, using a platinum mesh and
silver/silver chloride as counter and reference electrode, re-
spectively. Buffer solutions were prepared analytically, ac-
counting for substance assay, and taken to desired pH with a
Mettler Toledo pH meter.

Electrode fabrication using optical lithography
technique

Flexible miniature electrodes were fabricated at the South
Australian Node of the Australian National Fabrication

Table 1 DNA primer sequences utilized in the experiments

Name Sequence (5′ to 3′)

Forward primer 5AmMC6/: TCGATATAGTCACGCCACCA

Reverse primer GTGAAGTGGTCAGCCAAGTG
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Facility (ANFF-SA) at University of South Australia. A
bright-field, 7 by 7-in. photomask was purchased from Front
Range Photomask. COC plaques (6 by 6 in., 1 mm thickness)
were bought from TOPAS® and used as received. Electrode
fabrication process was performed as follows: (1) COC
plaques were thoroughly washed with water, acetone, and
isopropanol, and dried with N2 flux to remove any particles;
(2) 100-nm layer of gold was plated using an HHV/Edwards
TF500 sputter coater, followed by (3) AZ1518 photoresist
coating at 2000 rpm in a Karl Suss Delta 80 spin coater
coupled with GYRSET®, and baked at 95 °C for 5 min.
Then, (4) the electrode design was patterned with a EVG
620 Mask Aligner, (5) developed, and (6) chemically etched
in KI/I2 for the removal of exposed gold layer followed by (7)
acetone washing to remove the protecting photoresist, and
lastly, (8) individual electrodes were cut with a Disco DAD
321 wafer dicer. Figure 1 shows a scheme of the finished
electrode design and dimensions. Gold layer thickness was
corroborated using an Optical Profilometer WYKO NT9100.

Probe immobilization protocol

Probe surface immobilization was performed as follows: (1)
working electrode area was electrochemically clean by cy-
cling in 0.5 M H2SO4 until a reproducible clean gold voltam-
mogram was obtained, then (2) a compact layer of
thioglycolic acid was created by adding a 15 μL drop of
12 mM TGA solution onto the working area for 2 h, followed
by (3) cross linker reaction formation for 1 h in 10 μL of
20 mM/50 mM EDC/Sulfo-NHS, respectively, and lastly,
(4) reacted with forward DNA primer modified with an amino
terminal group for 18 h. Surface immobilization protocol was
performed at 4 °C to minimize solution evaporation and DNA
denaturalization. All solutions were maintained in ice while in
use.

Bio-electrochemical procedures

Different PCR cycles have served as proof of concept for our
PCR-assisted bio-electrochemical protocol design. Therefore,
different PCR cycles at 2, 4, 6, 8, and 16 were studied to

balance the competing parameters of experimental analysis
time and sensitivity. Also, target DNA concentrations ranging
from 120 to 20 ng/μL were studied in order to calculate the
limit of detection of our sensor. Figure 2 depicts the electrode
surface modification and identification processes, where DNA
primers are colored red, target strand is colored blue, and the
amplified, new strand (amplicon) is colored green.

Impedimetric analysis was performed using a frequency
range from 1 MHz to 0.1 Hz, with sinus amplitude of
20 mV at an applied potential of 0.2 V vs. Ag/AgCl in an iron
buffer redox solution containing equimolar concentrations of
5 mM Fe[(CN)6]

3−/4−/0.1 M PBS at pH 7.0. All experiments
were performed in triplicates, utilizing a platinum mesh and
silver-silver chloride as counter and reference electrode, re-
spectively. Charge transfer resistance values (Rct) were deter-
mined by fitting the resulting Nyquist plot using the extended
Randles equivalent circuit and compared as percentage
change to correct for electrode-to-electrode working area var-
iability utilizing Eq. 1.

RctAfter−RctBeforeð Þ=RctBefore½ � x 100 ð1Þ
where RctBefore and RctAfter corresponds to the charge transfer
resistance value before and after PCR treatment, respectively.

Results and discussion

Miniature gold electrodes

In order to effectively perform bio-electrochemical experi-
ments, the creation of an electrode that met the following
characteristics was needed: (1) electrochemically active, (2)
resistance to high and low temperatures without sacrificing
its integrity, (3) small size to fit in a 0.2-mL PCR tube, (4)
resistance to harsh chemical environments, (5) low
production/retail costs, and (6) high reproducibility. Custom
miniature gold electrodes were developed to comply with
these necessities, following the fabrication protocol men-
tioned in the experimental section above. Surface roughness
was characterized by scanning electron microscopy (SEM)
images. ESM Fig. S1A shows the edge between the electrode
and the substrate, accounting for good optical lithography
performance. ESM Fig. S1 B–D illustrate the uniformity of
the gold layer at different microscope magnifications. Energy
dispersive spectroscopy (EDS) spectra in ESM Fig. S1 E
show the atomic composition of the custom electrode account-
ing for a high percentage of gold as expected, while the X-ray
photoelectron spectroscopy (XPS) spectra in ESM Fig. S1 F
show the characteristic Au 4f 5/2 and 4f 7/2 binding energy
peaks, with an estimated separation of 3.7 eV, further proving
electrode integrity.

Fig. 1 Schematic representation of the custom miniature gold electrode
and its dimensions
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Electrochemical characterization was also carried out to
study the behavior of the miniature electrodes. A custom elec-
trochemical cell cap was fabricated with polylactic acid (PLA)
filament using an Ultimaker-3 3D printer to accommodate the
silhouettes of each electrode and provide a constant distance
between the working and counter electrodes to control the
overall solution resistance. Figure 3 shows the finished elec-
trochemical cell arrangement as viewed from the (A) side and
(B) top. Figure 3C displays a miniature gold electrode besides
a US penny for size comparison while Fig. 3D shows a rep-
resentative clean gold cyclic voltammogram. Cleaning condi-
tions were optimized to a voltage window of 0.2–1.6 V vs.
Ag/AgCl at 50 mV/s in 0.5 M H2SO4. Physical cleaning was
limited to acetone and isopropanol rinsing followed by drying
with a N2 flux. Electrochemical characterization showed only
gold contribution, confirming the absence of impurities; also,
low capacitance values at low voltages combined with well
definition of the oxidation peaks further express the quality of
the fabrication process.

Sensing procedure characterization

Indirect self-assembledmonolayer method was used to immo-
bilize the forward primer onto the Au electrode surface in
order to reduce the non-specific adsorptions. The probe prep-
aration and sensing process was followed through electro-
chemical impedance spectroscopywith PCR parameters being
four cycles in 120 ng/μL of positive DNA control sample at a
total volume of 100μL. Figure 4 shows the respective Nyquist
plots for bare gold electrode (black), after 2 h TGA immobi-
lization (red), resulting sensing probe before PCR treatment
(blue), and after effective DNA elongation due to recognition
of target DNA (magenta). Inset shows a close-up of the semi-
circle region for the before and after PCR measurements.
Initially, an increase in resistance is observed upon TGA im-
mobilization, which has been attributed in the literature to the
blockage of electron exchange between the iron and the elec-
trode surface due to the formation of Au-thiol bonds [46]. On
the other hand, a significant decrease in resistance is then
observed for the primer-containing sensing probe. This

behavior is characteristic of polyelectrolyte molecules such
as aptamers, whose negatively charged phosphate backbone
enables electron exchange [47]. However, upon DNA elonga-
tion due to the presence of positive control, the Rct value
increases again. This occurs because of impedimetric hin-
drance caused by the very crowded elongated now-double
helix DNA molecules modified onto the electrode surface.
See Fig. 4 inset. The impedimetric behavior of our system
demonstrates that effective surface modification is taking
place, and that EIS can detect said changes through charge
transfer resistance values.

DNA detection analyses

To optimize the sensor sensitivity, a PCR cycle analysis was
performed. We first determined the best signal-to-time ratio in
order to create a sensitive sensor that is also fast-acting in
comparisonwith traditional full-cycled PCR analysis. For this,
2, 4, 6, 8, and 16 PCR cycles were studied. Figure 5 shows the
respective charge transfer resistance percentage change aver-
ages before and after PCR treatment, and the ΔRct/time ratio
in %/s. A rise in Rct value with increase cycle number is
observed, as expected, due to the high concentration of PCR
amplicons in the reaction mixture. However, this tendency
does not follow a linear pattern, showing a slope reduction
and, therefore, propensity to plateau at higher number of cy-
cles. The blue scattered plot in Fig. 5 represents the ΔRct

percentage change/PCR analysis time ratio. In other terms,
the amount of signal “generated” over time of PCR analysis.
Here, we observe a decreasing linear tendency with increasing
number of cycles, meaning that the system loses efficiency
over time. Due to that 2 PCR cycles produce the lower Rct

change, and 16 cycles take over 1 h to run, six cycles were
chosen as optimum condition to balance experimental time
with signal response.

To test the selectivity of our sensor, we studied the behav-
ior when exposed to a non-DNA-containing and negative
DNA control. Figure 6 shows the resulting bar chart for the
selectivity study of our sensor at six PCR cycles. A distinctive
increase in Rct percentage change is observed when exposed

Fig. 2 Graphic scheme showing forward primer immobilization protocol and target DNA sensing mechanism, where DNA primers are colored red, and
positive target DNA strand and amplicon are colored blue and green, respectively
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to positive DNA control, proving effective target recognition.
Both non-DNA-containing blank and negative control analy-
sis resulted in a low Rct change around 20%, as expected,
because no elongation of the probe is occurring. Whatever
change in Rct is observed can be attributed to matrix effects
given the complexity of the PCR solution.

In order to optimize the biological parameters and deter-
mine the limit of detection of the system, we performed a
positive control DNA calibration curve with target DNA con-
centration ranging from 20 to 120 ng/μL. Figure 7 shows the
resulting graphic.

A linear tendency with a slope value of 1.41 and a regres-
sion of 0.9897 is observed, with the lower distinguishable
studied target DNA concentration being 20 ng/μL with a
27% Rct percentage change value in comparison with the
21% obtained for the negative control. Limit of detection
was calculated utilizing Eq. 2 [48] as follows:

DL ¼ F � SDb=m ð2Þ
where DL is the detection limit, F is a factor equivalent to 3,
SDb is the standard deviation of the blank, and m is the slope
of the regression line. The calculated biosensor detection limit
is 17 ng/μL.

Biosensor comparison with literature

To the best of our knowledge, this is the first sensor created for
the detection of the polyketide synthase genomic island as well
as the pioneer in utilizing a PCR DNA primer as probe. The
majority of PCR-based electrochemical sensors in the litera-
ture utilize the immobilization of complementary amplicon
strand as probe, following the hybridization process after am-
plification through current changes given by redox labels.
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Fig. 3 A Side and B top view of
the electrochemical cell
arrangement. C Size comparison
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voltammogram for a miniature
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vs. Ag/AgCl (3MKCl) at 50mV/
s
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Moreover, most of them utilize reverse transcription PCR, or
real-time PCR which are variables of the original PCR tech-
nique that allows for the utilization of RNA molecules and
real-time quantification. While our developed bio-
electrochemical protocol cannot be directly compared with
the PCR-based sensors in the literature, recent works reported
limit of detection down to 1 copy, making rtPCR technique
worth exploring in the future [49].

Conclusions

Miniature gold electrodes were successfully fabricated and
employed, with characterization showing no impurities and

high detailing. The utilization of a COC substrate provided
electrode robustness in terms of quality of gold adhesion and
ability to be utilized in a wide range of chemical and physical
environments, such as high and low temperatures, acidic and
organic solutions, and frequency and voltage sweeping. The
biosensing mechanism was electrochemically characterized
demonstrating effective surface modifications and detection
protocols. Varying PCR cycles were studied against the anal-
ysis time to optimize the sensor sensitivity and signal-to-time
ratio, being six cycles chosen as the better alternative.
Selectivity experiments indicated a clear distinction between
the positive DNA control and the negative DNA controls pro-
viding a Rct percentage change of 176% and 21%, respective-
ly. Target DNA concentration analysis at 6 PCR cycles dem-
onstrated a linear tendency from 120 through 20 ng/μL with a
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Fig. 5 Graphical scheme
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Fig. 6 Resistance to charge transfer (Rct) percentage change bar chart
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Fig. 4 Nyquist plots following the surface probe immobilization and
target DNA recognition after PCR treatment: Bare Au electrode (black),
TGA-modified Au electrode (orange), TGA/primer-modified Au elec-
trode (blue), and after DNA elongation through PCR treatment (pink)
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0.9897 linear regression and a calculated detection limit of
17 ng/μL. In conclusion, results showed the effective detec-
tion of the colibactin-encoding pks genomic island in E. coli
samples, using our fabricated biosensor platform and bio-
electrochemical protocol. Interdigitated array microelectrodes
can be studied as a prospective improvement to the sensor by
employing a two-electrode system that serves as a lab-on-a-
chip device, further simplifying the electrochemical process.
Storage and stability studies must be carried out in order to
fully characterize the system properties. Potential embodi-
ments of this device could be used to detect the pks island
and other toxin genes of bacterial origin, directly in clinical
samples such as stool, saliva, or urine. Moreover, the designed
protocol can be applied to the sensing of a variety of organ-
isms by tailoring the DNA primers and PCR conditions in-
cluding the possibility of in vivo applications due to the bio-
compatible nature of the sensing platform and procedures.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03404-6.
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