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ABSTRACT: Water-borne pathogens are mostly generated due to poor [FIFEE
sanitation, industrial effluents, and sewage sludge, leading to a significant
increase in mortality rate. To prevent this, we need a simple, user-friendly, and
rapid on-site detection tool of pathogens, i.e., a biosensor. As contaminated
water mainly contains (80%) coliform bacteria, of which Escherichia coli is the
major species, we have developed a screen-printed paper-based, label-free
biosensor for the detection of E. coli in water. A nanoarchitectured graphene
oxide (GO), as a fast electron-transfer flatland, was deposited on the screen-
printed graphene (G) on a hydrophobic paper, followed by the immobilization
of lectin Concanavalin A (ConA) as a biorecognition element for a g 5 At P
GGO_ConA-biosensing electrode. The electrochemical characterization of @ o

GGO_ ConA shows fast electron transfer with a calculated electroactive surface e

area of 0.16 cm”. The biosensor performance was tested in the sludge water and

beach water (real sample) as an analyte using the electrochemical impedance spectroscopy (EIS) technique. The charge-transfer
resistance (R,) of GGO_ConA increases linearly with the bacterial concentration in the range of 10—10° CFU mL™" with an
estimated limit of detection (LOD) of 10 CFU mL™", which indicates the ultrasensitivity of our biosensor, with 100 times more
sensitivity than previous studies. Our reported biosensor, being cost-effective, eco-friendly, and ultrasensitive, may serve greatly as a
portable monitoring kit for checking water-borne bacterial contamination.

GO-(CONH)-ConA
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S ustainable and clean water management among developing such as food safety, public health, and medicine. The presence
nations remains a huge challenge due to poor infra- of Escherichia coli, a subgroup of the fecal coliform group, in
structure, weak sanitation, and lack of quality control and drinking water usually indicates recent fecal contamination,
assurance tools for monitoring water quality. Such situations which may pose an immediate health risk to anyone who
lead to the generation of water-borne pathogens and the consumes such water.” Various studies showed that among the
production of infectious diseases that affect a mass number of class of bacterial pathogens, coliforms are one of the most
lives. These water-borne diseases are one of the major prominent and dangerous bacterial forms to cause severe

contributors to death worldwide. The mortality rate due to 6-8
water-borne diseases such as typhoid, cholera, polio, and
dysentery is recorded to be approximately 5,500 deaths per day
worldwide." This rate was found to be very high in rural zones
of Asia and Africa where either the essential hygienic tools are
predominantly lacking or there is a failure to provide such
tools. In such instances, preserving the cleanliness of drinking
water resources is difficult. The traditional water quality
monitoring analyses require plenty of time, instrument
technicians, and state-of-the-art laboratories. Overcoming
these constraints is extremely difficult for Third World Received:  April 25, 2021
countries with large populations.” Therefore, it is imperative Accepted: August 11, 2021
to develop a rapid, inexpensive, eco-friendly, and less laborious Published: August 30, 2021
method for the point-of-care detection of pathogens that cause

water-borne diseases.”* Thus, water-borne pathogens are the

major targets of sensing and quantification in various fields

health damage to countless lives at an alarming rate.
Therefore, rapid on-site detection of coliform bacteria in water
by a simple and cost-effective method is one of the greatest
concerns to save people from water-borne diseases.

Among various sensing mechanisms, electrochemical trans-
duction is an attractive approach to sense and detect
biomolecules, diseases, and microbes by employing suitable
biorecognition elements to study the electron transfer or
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Figure 1. (a) Schematic illustration of the step-by-step fabrication and covalent immobilization of ConA on GO. (b) Fabricated screen-printed
paper-based nanobiosensor with the interelectrode distance of 2 mm. (c) Graphical illustration of the detection mechanism of the biosensor by
ConA recognition, which leads to further transduction into measurable EIS signals.

diffusion process that occurs at the surface of an electrode.”™""
It is an excellent method that not only has a low cost but also is
easy to operate and durable. Voltammetry, amperometry, and
impedimetric biosensors are the key electroanalytical techni-
ques of electrochemical sensing.'”'®> Among them, impedi-
metric biosensors hold several advantages over other
techniques for bioanalysis: (i) they are nondestructive because
a small amplitude perturbation from the steady state leaves the
electrode surface undamaged after the experiment; (ii) they
contribute to a sharp change in the signal when a
biorecognition event occurs; and (iii) they are easy to quantify,
are efficient for miniaturization, are label-free, and consume
less time.'*

Martinez et al. developed the first paper-based analytical
devices (uPADs); since then, paper-based biosensors have
emerged as a new class of lab-on-a-chip devices.">™"* Paper is
an excellent material with easy fabrication steps, which allows
the synergistic incorporation of highly sensitive methods to
facilitate a range of critical functions.'”™** The surface matrix
of paper makes it an extremely active platform for biomolecule
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immobilization. Also, it possesses notable features such as
biocompatibility, porosity, eco-friendliness, and low fabrication
cost.”*#*> All of these attributes of paper can be deployed to
fabricate paper-based biosensors with high precision and
accuracy. The paper-based electrochemical biosensing techni-
que was first reported by Dungchai et al. using screen-printed
carbon ink to determine the glucose, lactate, and uric acid in
biological samples.*® Other than carbon, there is an increasing
number of reports on graphene-based electrodes, due to its
large surface area, exceptional electrochemical properties, high
mechanical strength, ease of biofunctionalization, and low cost,
resulting in graphene-based materials gaining much attention
in biosensing applications.”” ™’

The paper-based sensors for detecting bacteria in the food
and water samples have been reported earlier;’”*" these
employed a colorimetry-based transduction mechanism,**~*
where optical signals are detected when the bacteria interact
with the biorecognition element present. However, the
colorimetric assays, leading to the formation of a chromogenic
product during such interactions, show poor sensitivity and
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difficulties in performing quantitative measurements.”” On the
other hand, immunoassay-based detection utilizes antibodies as
bioreceptors and usually suffers from low capture efficiency,
nonspecific effects, denaturation of the antibody under certain
environmental constraints, and expensive and time-consuming
analyses, which limit their ultrasensitivity.***’

To encounter these difficulties, we have developed a novel,
sensitive, label-free, paper-based impedimetric biosensor for
the detection of E. coli contamination in water. Specifically, the
sensor was fabricated by screen-printing graphene (G) ink on
paper, followed by surface modification using graphene oxide
(GO). Concanavalin A (ConA), one of the lectins, is used as a
biorecognition element due to its specific binding capability
toward mono- and oligosaccharides of E. coli cells. The
electrochemical performance of the fabricated sensor (GGO_-
ConA) was tested, and its sensitivity toward the detection of
bacteria in synthetic wastewater and field water samples
collected from a beach was probed. The results were presented
and showed a good correlation with the verified data. To prove
the selectivity, sensitivity, and superior limit of detection of
GGO_ConA over the graphene screen-printed electrode
(GSPE), a simultaneous experiment using GSPE was
conducted. Compared with the previously reported literature,
we have obtained the best limit of detection by far.

B RESULTS AND DISCUSSION

Immobilization of Biorecognition Element and
Fabrication of the Nanobiosensor. Graphene oxide was
synthesized by the Hummers method,** graphically shown in
Figure S1. The immobilization of the biorecognition element
ConA on the screen-printed working electrode (Figure 1a),
GGO_ConA, was achieved by EDC-NHS coupling protocols
where the carboxyl group of GO covalently bonded with the
amine group of ConA by the formation of an amide bond
between GO and ConA (Figure 1a).*"** Figure 1b presents
the paper-based nanobiosensor chip to detect bacterial
contamination in water using a cost-effective screen-printing
method. The principle and fundamental mechanism behind
our paper-based bacterial detection by ConA-modified GO by
electrochemical impedance spectroscopy (EIS) are presented
graphically in Figure Ic.

X-ray Diffraction (XRD) of Graphite and GO. The XRD
patterns of graphite (G) (Figure S2a) exhibited a sharp, high-
intensity diffraction peak at 26.4° with an interplanar spacing
of 3.38 A to the (002) plane, whereas in the GO (Figure S2a),
the (002) plane was observed at 11° with an interplanar
spacing of 8.9 A: the peak shift is due to the exfoliation of the
stacked graphitic layers into few layers of GO. A similar
observation has been reported by other researchers pre-
viously.**

UV—vis Spectra of GO. The UV—vis spectra (Figure S2b)
of GO sheets revealed an absorption band appearing at 230
nm, which proves the 7—z* interactions between GO sheets.
These interactions are electrostatic in nature and originate
from the 7 plasmon of carbon.*>*® Further, the nonbonding
electrons in the GO layer lead to the n—z* transitions, which is
evident from the weak absorption shoulder at around 300 nm.
The results were supported by prior works.*”**

FTIR Spectroscopy of GO. FTIR spectroscopy (Figure
S2¢) corroborated the presence of epoxy, hydroxyl, C=0
(from carboxyl and carbonyl groups), aliphatic C—H
stretching, and C=C stretching.
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XPS Measurements. XPS survey spectra revealed the
characteristic features of GSPE (screen-printed on paper) and
GO (on Si wafer) (Figure S2d). It is observed that carbon and
oxygen responsible features were seen in both samples along
with the Si-, S-, and F-related peaks, presented in the screen-
printing ink.

The C 1s core-level spectra of graphene and GO (Figure
2a,b) were fitted and convoluted into three Gaussian peaks.
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Figure 2. C 1s core-level XPS spectra of (a) GSPE and (b) GO. The
open circled curve indicates the raw data and solid lines with the filled
area under the curve (deconvoluted components) were obtained by
multipeak Gaussian fitting to analyze/quantify the functional groups
presented in GSPE and GO.

The C=C peak is mainly attributed to the sp>-bonded carbon
of GSPE and GO with the binding energies (BE) of 284.4 and
284.6 eV, respectively, whereas C—O and —COOH groups in
GSPE and GO exhibited peaks obtained in XPS measure-
ments*’ (Table 1).

Morphology of GO by High-Resolution Transmission
Electron Microscopy (HRTEM) Image Analysis. The
HRTEM images of GO, as shown in Figure 3, show
translucence, wrinkles, and folds (Figure 3b) in the GO
sheets. This indicates that the synthesized GO is two-
dimensional in nature and comprises mono or few layers of
the GO. The sheet size was determined and found to be in the
range from 1 to 5 yM. The GO layers did not have any

https://doi.org/10.1021/acssensors.1c00851
ACS Sens. 2021, 6, 3214-3223


https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c00851/suppl_file/se1c00851_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c00851/suppl_file/se1c00851_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c00851/suppl_file/se1c00851_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c00851/suppl_file/se1c00851_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c00851/suppl_file/se1c00851_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c00851/suppl_file/se1c00851_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c00851/suppl_file/se1c00851_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c00851?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c00851?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c00851?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c00851?fig=fig2&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c00851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

Table 1. Summary of Fitting Parameters and Relative
Percentage of Functional Groups Presented in GSPE and
GO

GSPE GO
peak BE (eV) relative % peak BE (eV) relative %
C=C 284.4 56.7 C=C 284.6 43.3
C-0 287.1 33.5 C-0 287.3 42.7
—COOH 289.5 9.8 —COOH 288.8 14.0

preferential stacking arrangement between neighboring sheets,
and this may be due to the fact that the GO was drop-cast on
the carbon-coated grid.*"*

Electrochemical Studies: Characterization of the
Electrodes. The electron-transfer mechanism of the redox
probe [Fe(CN)]>~*", occurring at the surface of the GSPE,
GGO, and GGO-ConA electrodes, was extensively studied
through cyclic voltammetry (CV). The influence of the scan
rate on the electrodes (Figures S3a,b and 4a) indicates that the
peak current increases with the increasing scan rate. The ratio
between the forward and backward peak currents (I,,/I,.) fell
in the range of 1.00—1.03. This implies that the electro-
chemical process follows the quasi-reversible system.”' The
inset of Figure 4a shows the plot of the peak current (IPa and
Ipc) vs the square root of the scan rate (t'?) for the electrodes
GSPE, GGO, and GGO_ConA. In the case of GGO and
GGO_ConA electrodes, the linear regression coefficients (R*)
for the linear fitting of the points of peak current vs v*/* were
found to be 0.9992 and 0.9994 for GGO and GGO_ConA
electrodes, respectively. The linear nature of the plot indicates
that the electrochemical process is diffusion-controlled at the
GGO_ConA electrode. This can be quantified by the diffusion
coefficient (D), which plays an important role in determining
the sensitivity of the electrode.

The diffusion coefficient and the surface concentration of
the ferricyanide (for the GSPE and GGO electrodes) were
calculated using the Randles—Sevcik equation (eq 1 in the
SI)°*** and the Brown--Anson model (eq 2 in SI),
respectively.”* The higher diffusion coefficient of ferricyanide
for the GGO electrode (1.1 X 107> cm? s™") compared to the
GSPE (1.3 X 107% cm? s7!) indicates a faster electron-transfer
rate at the GGO electrode compared to that on the GSPE.
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Figure 4. CV curves of the fabricated electrode in the presence of §
mM [Fe(CN) >+ in 01 M phosphate-buffered saline (PBS)
buffer. (a) GGO_ConA measured at different scan rates; the inset
illustrated the linear dependency of peak current vs (scan rate)/2. (b)
Comparison of GSPE, GGO and, GGO_ConA electrodes at a scan
rate of $ mV s7.

Figure 3. HRTEM Images of GO (drop-cast on carbon grid) sheets. (a) Image at a higher magnification to observe the lattice fringes in GO sheets.
(b) Translucent appearance of the GO sheet, indicating the few-layer structure of the synthesized GO.
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Figure S. Analytical performance of the paper-based biosensor determined through EIS in the presence of the electrolyte consisting of 5 mM
[Fe(CN)4]** in 0.1 M of PBS buffer. The EIS measured in the frequency range of 10 Hz to 1 MHz with the applied potential of 0.2 V. In the
electrode, ConA immobilized covalently on the surface of GO. (a) Single-sized bacteria (b) different sizes of bacteria, where the inset presents the
biosensing behavior of GGO_ConA with Gram-positive bacteria type.

Thus, it is expected that a higher surface concentration of
ConA is immobilized on GGO (0.917 nmol™" cm™) than on
the bare GSPE electrode (0.714 nmol™ cm™), which, in turn,
helps capture the bacteria adequately during the sensing
analysis. The change in the potential between anodic and
cathodic peaks (AE,) with the scan rate is related to the
reversible or irreversible behavior of the electrochemical
process. For a reversible process, AE, stays constant to the
scan rate, and for an irreversible process, the AEP tends to
increase with the scan rate. The greater AE, values with the
peak broadening were observed for GSPE (Figure S3a). This
indicates a slower rate of diffusion, while the mass transfer is
predominant over the charge-transfer process at the electrode
surface.”® The standard heterogeneous electron-transfer rate
constant, k°, for two-electrode systems was evaluated using
Nicholson’s method,* given by eqs 3 and 4 in the SI, and
found to be 1.01 X 107> and 2.04 X 107> cm s™! for GSPE and
GGO, respectively. As the k° fulfilled the condition®” of 0.020
> k° > 107> cm s7', the reaction follows the quasi-reversible
system mentioned previously (Figures S3 and 4a).

The immobilization of ConA on GGO had been verified
through DPV. The electrode immobilized with ConA
(GGO_ConA) had an AI, of 46.7 uA while bare GGO had
an Al of 10 uA (Figure S4a). The decrease in the peak current
indicates a slower electron transfer, and this may arise due to
the large surface area of GO with —COOH. Besides, the
electron-transfer kinetics of the GSPE, GGO, and GGO_ConA
were studied by Nyquist’s plot obtained by the EIS technique
(Figure S4b) through the observation of the real part of the
impedance in the Nyquist’s plot. It is found that the charge-
transfer resistance (R,) of GSPE, GGO, and GGO_ConA
electrodes is 0.1 k€2, 0.8 kQ, and 1.3 kQ, respectively. The
lower R, of GSPE and the higher R, of ConA-immobilized
electrode (i.e, GGO_ConA) are as expected due to the ConA
immobilization on the surface of GGO.

Analytical Performance of the Biosensing Electrode.
The electrodes had been tested for bacterial sensing using the
EIS technique where Nyquist’s plot provides information
about the sensing ability of the concerned system of study
(Figures S and SS). ConA, physisorbed on the GSPE electrode,
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shows an irregular trend in the spectrum upon an increase in
bacterial concentration (Figure SS).

The electron-transfer resistance was increased in a nonlinear
way with poor sensitivity. This may be due to the weak
noncovalent binding of ConA through van der Waals forces.
Besides, the absence of the —COOH groups in GSPE increases
the possibility of nonspecific adsorptions of ConA on the
electrode surface, resulting in other side reactions that prohibit
the specific interaction of the bacterial cells with the biosensing
electrode. Therefore, the ConA-physisorbed GSPE is not a
suitable candidate for bacterial sensing. Figure S5b indicates
the insensitivity of GGO (without ConA) toward bacterial
cells. Thus, it cannot be used for bacterial sensing. This failure
arises due to the lack of biorecognition element in the GGO
electrode. The GGO_ConA electrode (Figure Sa) showed an
exponential increase in the interfacial electron-transfer
resistance with the concentration of the bacteria cells. This
trend was observed by the increase in the charge-transfer
resistance (R,,) presented in Figure Sa. The high sensitivity of
the GGO_ConA electrode to the bacterial cells may be due to
extensive covalent immobilization of ConA to the large area of
GGO surface where plenty of —COOH groups are present to
facilitate the binding of ConA. Alava et al.”® also stated that the
self-assembly of lectin ConA through physisorption lacks
specificity in detection, but the covalent attachment increases
the quality of the biosensor by the increase in lifetime and
sensitivity. Also, the EIS measurements were conducted for
Gram-positive bacteria and bacteria of different size distribu-
tion to test the selectivity of the GGO_ConA electrode
(Figure Sb) along with the water sample collected from the
beach. Interestingly, the results (Figure Sb and the inset) were
corroborated that there was no perturbation in the selectivity
and sensitivity of the biosensor as it only relies on the total
concentration of bacteria, whose surface is highly specific to
the ConA binding. Based on the observation that the Gram-
positive bacteria differ from the Gram-negative only by a thin
layer of peptidoglycan, which also contains the ConA binding
sugars on its surfalce,sg_61 thus resulting in no significant
change in R, values. In the case of bacteria size influence, the
device is designed in such a way that the surface of the ConA
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Figure 6. Standardization of the paper-based biosensor. Charge-transfer resistance R (obtained from Nyquist’s plots) vs log (bacterial
concentration) for bacteria of (a) single size and (b) different sizes. (c¢) OD measurements plotted against the plate count results of the bacteria
(the line is drawn to guide the eye), the inset presented is magnified to show the error bar prominent to the reader. (d) Bar graph demonstrated the
selectivity and specificity of the biosensor with the least present common strains, as the R, values derived from the EIS served as a yardstick for

validation (Figure S6c).

bound electrode accommodates the specific concentration
(CFU mL™") of bacteria irrespective of their size. The charge-
transfer resistance vs the logarithmic concentration of the
bacterial cell was plotted to calculate the limit of detection
(LOD) and standardize the biosensor (Figure 6ab). We
observed a good linear correlation with LR (linear range) of
10—10® CFU mL™ (Table S2), and the impedance of the
sensor was saturated above the linear range mentioned. The
LOD of the fabricated sensor was found to be 10 CFU mL™!
(Table S3) and the limit of quantitation (LOQ) is 23.25 CFU
mL™". The EIS of the real sample falls in the concentration
range of 10—10> CFU mL™' based on the R, value. The
bacterial concentration of the water collected from the beach
was found to be 69.9 CFU mL™, and the obtained value was
further confirmed by the certified data®® and OD measure-
ments. Meanwhile, a plate count method to quantify the
bacterial colonies was conducted simultaneously along with the
impedimetric detection (Figure 6¢). The obtained results are
in good agreement, revealing the reliability of the paper-based
biosensor. Also, the reproducibility of the biosensor was
determined by measuring the fixed bacterial concentration of
10* CFUmL ™ in replication of five sets (10, 10, 104 109, 10®
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CFU mL™") of experiments per day for S days under the same
laboratory conditions (Figure S6a). The plot of R, vs
experiment number (Figure S6b) revealed the RSD of R
values of 2.52%, indicating the excellent reproducibility of the
sensor. The same method was adopted for the real sample
(four experiments each per day for 4 days) and the RSD was
found to be 2.82% (Table S2), which is a widely acceptable
limit for an analytical tool to be reproducible and reliable.®*
Furthermore, we have conducted the EIS analysis (Figure S6¢)
with other strains such as Salmonella sp., and Listeria
monocytogenes to evaluate the selectivity of the biosensor. It
is evident from the R values obtained from the EIS analysis
that the fabricated sensor possesses good specificity and
selectivity over other tested strains, which proves no
interference in our specific bacterial detection, as summarized
in the bar graph (Figure 6d).

The comparative summary (Table S3) of our work with the
previously reported impedimetric bacterial biosensors, indicat-
ing our fabricated paper-based biosensor electrode GGO_Co-
nA has the lowest LOD with the widest LR in comparison to
other electrode systems. This may be due to the large surface
area of GO with plenty of —COOH groups, which bind a large
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number of ConA molecules on the active sites of the electrode
(GGO), and, in turn, facilitate the bacteria cells to the ConA
molecules effectively. Although there have been reports that
sulfonated and N-doped §ra£henes provide exceptional
physicochemical properties,”* ™" practical applications of a
screen-printed electrochemical biosensor are hampered due to
the greater number of processing steps and toxic solvents,
which damage the surface of the paper substrate. Thus, our
paper-based GGO_ConA nanobiosensing platform could be
suitable for scaling up and manufacturing paper-based bacterial
Sensors.

The results presented here establish the robustness,
efficiency, versatility, and sensitivity of the developed paper-
based bacterial biosensor. The fabrication method using screen
printing is simple to operate, is cost-effective, and avoids the
usage of toxic photoresists, and is employed in lithographic
techniques. Moreover, hydrophobic paper, used as a substrate,
is inexpensive and eco-friendly. Therefore, our platform of
bacterial detection with GGO_ConA having extremely low
LOD presents great potential in bacterial biosensing
applications. Importantly, our proposed device is suitable for
point-of-care on-site detection compared to the previously
reported paper-based bacterial sensor that needs a beaker-
based experimental setup with Ag/AgCl and Pt-wire electro-
des®® and lacks miniaturization.

B CONCLUSIONS

Herein, we have demonstrated the complete protocols of the
synthesis and fabrication of a point-of-care, label-free, low-cost,
eco-friendly, paper-based, screen-printed graphene oxide
modified electrochemical impedimetric biosensor utilizing
ConA as a biorecognition element to detect bacterial
contamination in water. Our well-characterized electrodes
showed remarkable improvement in biorecognition element
density and electrochemical activity evidenced by cyclic
voltammetry, differential pulse voltammetry, and impedance
measurements. Furthermore, the large surface area and the
chemical activity of graphene oxide on graphene lead to
exceptionally specific immobilization of ConA in the bulk
amount on the GO surface due to the active —COOH groups
participating in site-specific interaction via EDC/NHS
coupling at a pH of 4.5—6.0. The biosensor reported here
achieved wultrahigh sensitivity for bacterial contamination
detection over a wide linear operation range (10°—10° CFU
mL™!), as demonstrated by the electrochemical impedance
spectra. Moreover, we first reported an ultralow LOD of 0.1 X
10> CFU mL ™! for a paper-based bacterial biosensor, without
any chemical amplification, such as PCR. Our claim was
further supported by the simultaneous quantification of the
bacteria by the plate counting method, followed by OD
measurements in a water sample collected from the local
beach. The highly sensitive detection platform, by exploiting
paper as a substrate and screen printing as a tool to develop
biosensors, engenders a reliable point-of-care alternative for the
detection and diagnosis of water-borne pathogens and water-
borne diseases present at very low levels. Additionally, our
platform greatly enhances the accessibility, robustness, and
consistency in detection, which may inspire future label-free
nanoarchitectured biosensors.

B EXPERIMENTAL SECTION

Materials, Apparatus, and Measurements. Sodium nitrate
(NaNO;), hydrogen peroxide (H,0,), N-ethyl-N’-(3-dimethylami-
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nopropyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), potassium hexacyanoferrate(Il) trihydrate (K,[Fe(CN)¢]-
3H,0), potassium hexacyanoferrate(III), (K;[Fe(CN)¢]), ethanol-
amine (HOCH,CH,NH,), hydrochloric acid (37%), and lectin
Concanavalin A (ConA) were purchased from Sigma-Aldrich.
Graphite was bought from Alfa-Aesar Ltd. Potassium permanganate
(KMnO,) was obtained from Showa Chemical Co. Ltd.; sulfuric acid
(H,SO,) was from Champion Yuan Chemical Co. Ltd; Gibco
(phosphate-buffered saline, PBS) solution (1X) was purchased from
Fischer Scientific Ltd. Conductive graphene (G) screen-printing ink
was purchased from Haydale Co. Ltd. Hydrophobic, hot-pressed
paper (Cheng Tien Intl. Corp., Taiwan) was used as the substrate to
fabricate the biosensing electrode. Graphene oxide (GO) was
synthesized in our laboratory. Deionized water (Millipore-Q, 18.2
MQ cm) was used to wash and prepare the aqueous solutions. Screen
printing was done using an ATMA AT-25PA flat screen printer by
ATMA Champ Ent. Corp., Taiwan. Electrochemical studies were
conducted using CHI 700E Potentiostat Instrument guided with a
three-electrode system involving Ag/AgCl reference electrode,
graphene counter electrode, and various working electrodes, GSPE,
GGO, and GGO-ConA. Electrochemical impedance spectroscopy
(EIS) measurements were recorded at a potential of 0.2 V in the
frequency range of 0.1 Hz to 1 MHz with an amplitude of 0.01 V. All
of the electrochemical experiments were conducted in 0.1 M sterile
PBS buffer in the presence of the redox probe, [Fe(CN)¢]*~/#~. Other
apparatus and measurements are given in the SIL

Synthesis of Graphene Oxide. GO was synthesized using
modified Hummer’s method,*”® which is detailed in the SL

Bacteria Culture. Bacterial cultures of W3110 K-12 in synthetic
wastewater were incubated overnight at 37 °C. The synthetic
wastewater was prepared according to the previously reported
literature and elaborated in the Supporting Information (Methods
in the SI).

Fabrication of the GO-Modified Graphene Screen-Printed
Electrode (GGO-SPE). Graphene ink was screen-printed on the
paper to have graphene SPE (GSPE). Two layers of printing were
done to obtain the electrode with low resistance. The measured
resistances for single and double layers were found to be 50 and 30 Q
cm™, respectively. Each layer was cured at room temperature for
about 10 min. The GGO electrode was fabricated by drop-casting 20
uL of 1 mg mL™" suspension of GO in DI water onto the GSPE,
allowed to dry at room temperature, washed with DI water, and dried
in N,. A microwell reaction chamber of the total volume of 50 L was
created by 3M tape through the punching technique. The constructed
device is circular with an electroactive surface area of 0.16 cm® The
detailed graphical representation is shown in the SI (Figure S1b).

Immobilization of ConA on Electrode Surface. To obtain the
GGO-ConA electrode, ConA was immobilized on GGO by the
activation of carboxyl groups present in GO using EDC/NHS
chemistry. Briefly, EDC (0.5 M) and NHS (0.1 M) solutions were
freshly prepared in MES buffer and the GGO was incubated in a 1:1
(v/v) ratio of EDC/NHS by dropping 1S uL of the mixture. Then,
the electrode was incubated for about 30 min at room temperature in
10 L of lectin (ConA) prepared in sodium acetate buffer (0.1 M, 0.2
mg mL™") of pH 4.5. Afterward, the nonspecifically adsorbed sites
were blocked by immersing the electrode in the ethanolamine
solution (0.1 M) for 20 min. The electrode was washed with DI water
after each step and dried in N, gas. The abundance of carboxyl groups
on GGO and lectin immobilization on GGO was determined by cyclic
voltammetry (CV) and differential pulse voltammetry (DPV)
measurements.

Beach Water Sample Preparation. One hundred milliliters of
seawater was collected from the designated beach in northern Taiwan
(ROC). It was further treated by the membrane filtration method”
and divided into two parts: one part was used to validate the
fabricated nanobiosensor and the other was exploited by the plate
count method for OD measurements.
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