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ABSTRACT

Coliform bacteria are well known as informative indicators for bacterial contamination in water. This
study presents a novel chemiresistor biosensor using M13 phage-modified reduced graphene oxide (rGO)
for detection of Escherichia coli (E. coli), as coliform bacteria. M13 phage, as a biorecognition element, was
immobilized on the rGO channel, so that it can bind to negatively charged E. coli bacteria, allowing the
gating effect on the biosensor and the change in its resistance. The prepared materials and device were
characterized using spectroscopic, microscopic, and electrical measurements. FTIR and XRD results
proved the successful fabrication of GO and rGO nanosheets. AFM results showed that the prepared
nanosheets were monolayer. The SEM micrographs of the M13-functionalized devices, soaked in two
different concentrations of E. coli, confirmed the successful capturing of E. coli and that the signal change
is concentration-dependent. As a result, a linear and specific response towards E. coli was observed and
the limit of detection was determined to be 45 CFU/mL. Further, the proposed sensor system showed
selectivity towards the tested coliforms. These results suggested this sensing system could be a prom-
ising tool for detecting coliforms with an economic, accurate, rapid, and directly applicable process.
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1. Introduction

Fecal coliforms have received a widespread attention as typical
biomarkers for water contamination with bacteria [1]. There are
several methods used for detection of coliform. The first is a basic
colony counting method [2]. While simple, the method takes a long
time for getting results, usually more than 24 h. Other methods
used in laboratory are based on the principle of ELISA or PCR [3,4].
These methods require specific reagents and instruments for the
detection, making the processes expensive and time-consuming,
besides the need for trained professionals [5,6]. Biosensors have
been developed as economic and more promising tools for identi-
fying coliforms. They offer simple operation and rapid response
with accuracy, but still need further optimization and standardi-
zation for application. Phages are of a great importance as bio-
receptors in biosensors [7,8].

Here, M13 bacteriophage was implemented as a biorecognition
element for coliform detection. M13 phage is a non-lytic bacterial
virus which infects and grows only in the male strains of Escherichia
coli (E. coli) by recognizing its F-pili [9]. In addition, M13 phage is
more stable against the change of pH or temperature, compared to
other biorecognition elements such as antibodies [10]. In addition,
it is economic and easy to prepare by simple bacterial cultivation
methods.

Amongst the different transducers, biosensors based on chem-
iresistor (CR) are receiving a great deal of attention in recent years
for label-free biosensing with a facile procedure [11—15]. CR
biosensor is a sensor in which the resistance of the device changes
as a result of the changes of its nearby chemical environment.
Generally, when biomolecules with electrical charges are near the
semiconductor channel, they provide the electrostatic gating ef-
fects to the sensing platform, changing the number of charge car-
riers in the semiconductor channel and thereby the resistance of
the CR sensor [16].

Reduced graphene oxide (rGO) is a well-known nanomaterial
utilized in a wide range of applications, including sensors. It has a
large surface area, which is available for direct interaction with a
variety of biomolecules and whole cells [17—19]. Our research
group has conducted a detailed study (publication in progress) of
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the parameters that affect the quality of GO/rGO, which had led to
obtaining pristine graphene-like rGO, which improved its charge
transport and electronic properties.

This study aims to develop a label-free CR biosensor using M13
bacteriophage and rGO for detecting fecal coliform. We focused on
E. coli bacteria as biomarker for indicating the presence of bacterial
contamination in river water and M13 phage as a biorecognition
molecule. This sensor exhibited good sensitivity and low limit of
detection (LOD) of 45 CFU/mL, which is comparable with previous
reports. Furthermore, the specificity and applicability of this
biosensor are also demonstrated using Pseudomonas chlororaphis
(P. chlororaphis) strain, as non-host bacteria, and simulated river
water sample, respectively.

2. Materials and methods
2.1. Materials

Graphite flakes, phosphoric acid (H3zPO4, 85%), sulfuric acid
(H2S04, 98%), potassium permanganates (KMnOg4, 99%), hydro-
chloric acid (HCl, 37%) and hydrogen peroxide (H,0,, 30%) were all
purchased from Fisher Scientific, USA. (3-Aminopropyl) triethox-
ysilane (APTES) was bought from Sigma (St. Louis, MO, USA). 1-
pyrene carboxylic acid (PCA), dimethylformamide (DMF), Tween
20 (T20), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC), and N-hydroxysuccinimide (NHS) were all pur-
chased from Sigma Aldrich (St. Louis, USA). Ethanolamine (EA) was
acquired from Acros Organic-Fisher Scientific.

2.2. Materials synthesis and characterization

The bacteria solution of E. coli XL1-blue and Pseudomonas
chlororaphis were cultured in LB media by the same way as our
previous report. In addition, M13 bacteriophage was prepared same
as our previous work [10].

GO nanosheets were prepared as illustrated in our previously
published work [20]. The prepared GO and rGO nanosheets were
characterized using X-ray diffraction (XRD, PANalytical Empyrean
Series 2), Fourier transform infra-red (FTIR, Thermo Nicolet 6700)
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Fig. 1. Sensors fabrication. (a) Schematic diagram of the preparation procedures of rGO-M13 phage-based biosensor. (b) A more detailed schematic showing the chemistry of sensor
fabrication. The red dots on M13 phage represent the amine groups positions. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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200 um

Fig. 2. The sensor system design. (a) Phone camera image of the gold interdigitated
electrodes (device). (b) SEM image of the device with a thin film of rGO. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

spectroscopy, atomic force microscopy (AFM, Horiba LabRam/AIST-
NT), and scanning electron microscopy (SEM, ThermoFisher Sci-
entific (formerly FEI/Philips) NNS450).

All electrical measurements were performed using the Keithley
2636 System Source Meter® (Tektronix, Beaverton, OR, USA).

2.3. Fabrication of the biosensor

Fig. 1 illustrates a schematic of the fabrication protocol of M13-
rGO biosensor. The interdigitated gold electrodes (chips), shown in
Fig. 2a, were fabricated on a p-type silicon substrate with a 300 nm
SiO, insulating oxide layer deposited on top. Electrodes were
patterned on the Si/SiO, substrate by conventional photolithog-
raphy. Then, Cr (5 nm) and Au (50 nm) layers were deposited on the
substrate using e-beam evaporation. Each device has 5 pairs of
source and drain interdigitated gold electrodes with 5 pm width
separated by 3 pm gaps of SiO; insulating layer. We used rGO to
bridge the gaps of interdigitated gold electrodes.

The interdigitated gold electrodes written on Si/SiO, wafers
were cleaned sequentially with acetone, isopropanol, methanol and
deionized water (DI water) followed by drying with air. The elec-
trodes were first incubated with 30% ammonium hydroxide for
30 min to introduce hydroxyl groups, and then incubated with
APTES for 60 min. 15 pL of 1.25 mg/mL GO solution were dropped
onto the interdigitated electrodes and dried at 50 °C for 30 min.
Subsequently, the interdigitated electrodes with GO were annealed
at 200 °C for 120 min in ambient air. The electrodes were further
incubated with 100 mM PCA dissolved in DMF for 60 min, washed
with DMF, and dried with N; gas. After that, the electrodes were
incubated with 6.0 mM EDC and 6.0 mM NHS in 100 mM 2-(N-
morpholino) ethanesulfonic acid (MES) buffer (pH 5.5), each for
20 min to activate the carboxylic groups, followed by incubation
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with 25 pL of M13 phage solution at 4 °C for 3 h. Then the electrodes
were incubated with 100 mM EA for 30 min to passivate residual
ester groups of NHS and rinsed thoroughly with 10 mM sodium
phosphate buffer (PB, pH 7.4), followed by incubation with 1.0% (v/
v) T20 for 30 min to block the bare rGO on the electrodes. The chips
were washed with the proper buffer after each of the previous
modification steps.

The fabrication steps were monitored by measuring the device’s
resistance after each step. The device’s resistance was determined
from the slopes of current-voltage (I-V) curves between Vsp
of +0.1 Vand -0.1 V.

2.4. Sample measurement using prepared biosensor

Sensing procedure consisted of measuring the initial resistance
(Ro) of the sensor (determined from the slopes of I-V curves
between +0.1 V and —0.1 V) followed by incubation for 30 min with
25 ul of different concentrations of E. coli XL1-blue solution, rinsing
3 times with PB and measuring the resistance (R) again. Percentage
changes (R-Rg)/Ro% were plotted as a function of log value of E. coli
concentration to evaluate the sensor performance characteristics.
The same sensors were used for the whole range from 10% to
107 CFU/mL.

3. Results and discussions
3.1. Materials characterization

Fig. 2b shows the SEM image of the interdigitated gold elec-
trodes with rGO. As shown in the figure, the very thin rGO film
totally covered the interdigitated gold electrodes gaps in the
sensing area. The strong immobilization of rGO thin film on the
substrate is attributed to the chemical bonds’ formation between
APTES and rGO, Fig. 1b, which was explained in detail by Ou et al.
[21], where epoxy groups from GO encounter ring opening and
bind to primary amine groups (-NH>), which convert into second-
ary amines (—NH—). On the other hand, amide bond formation
between carboxyl groups (-COOH) and —NH, are less likely to
happen in the absence of coupling agents such as EDC/NHS, at room
temperature. However, in this case zwitterionic COO—NH3*
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Fig. 3. The spectroscopic characterizations of GO and rGO nanosheets. (a) FTIR spectra
of GO (black) and rGO (red) nanosheets. (b) XRD analysis showing sharp peak of GO at
2 theta = 10.4°, and rGO with a diffraction peak centering at 24°. (c) AFM image of GO
with its height profile. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)



K. Nakama, M. Sedki and A. Mulchandani

linkages are formed, that under the effect of heat (200 °C) form
—CO—NH- (amide) linkages.

The prepared GO, and rGO nanosheets were characterized by
FTIR spectroscopy as shown in Fig. 3a. In GO sample, the stretching
vibrational peaks of hydroxyl groups, carbonyl groups, and C=C
double bonds appeared at 3400 cm~!, 1722 cm~!, and 1627 cm™,
respectively [22]. The thermal reduction of GO nanosheets at
200 °C and ambient conditions could remove most of the hydroxyl
and the carbonyl groups, and that is clear from the significant
decrease in their peak strengths. These results comply with liter-
ature [23]. The thermal reduction process can be understood as a
degassing process, where most of the oxygen functionalities get
removed in the form of CO, and water vapor, which in turn helps
remove the foreign atoms (oxygen) and convert more sp> carbons
into sp? ones [20,24,25]. Hence, the electrical properties of GO get
strongly improved by thermal reduction into rGO.

The XRD patterns, Fig. 3b., were recorded using Cu K« radiation
(A=1.54°A) at 45 kV and 40 mA, and in the range of 20 = 9°—44°,
From Bragg’s law (nA = 2d sin (0)), graphite has a d-spacing be-
tween its graphene sheets of around 0.34 nm (20 = 26°), corre-
sponding to the (002) planes. Due to the oxide functionalities, GO
sheets were pushed further from each other, with a longer d-
spacing (d = 0.84 nm), corresponding to a smaller diffraction angle
of 20 = 10.5°. By thermal reduction of GO into rGO, the (002) peak
shifts to a slightly broader peak at 20 = 24°, corresponding to a
smaller d-spacing of =0.37 nm. The decrease of d-spacing is
attributed to the removal of oxygen functionalities in the reduction
process [26].

The thickness, which determines the number of layers, of the
prepared GO nanosheets was determined using AFM imaging. The
height profile in Fig. 3¢ shows that the thickness is 1.2 nm, which
corresponds to single layer GO. This thickness is larger than that of
single-layer graphene (0.4 nm), as it includes the extra height
coming from oxygen functionalities in GO, which pushes the sheet
further from the substrate [26—30].

3.2. Monitoring of device modifications using [V measurements

After each modification step, the resistance of the sensor was
measured (determined from the slopes of I[-V curves
between +0.1 V and —0.1 V) for monitoring the modification steps.
As shown in Fig. 4, there were linear I-V curves, indicating Ohmic
contact between the Au-electrodes and the overlaying rGO thin
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Fig. 4. The fabrication steps were confirmed by monitoring [-V curves between source
and drain, at a Vsp of +0.1 V and —0.1 V. The resistance of the sensor system increased
after each modification step of PCA, EDC/NHS-M13 phage, EA, and T20, compared to
the interdigitated electrodes only with rGO.
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Sensor response (n=3)

5.0
100 | .
w o
|1
aso b T
£ i """
X y=-16475x-717 L e %
2 =
200 | R?=0.9869
250 . . . . , .
10 102 103 104 10° 106 107 108

Concentration of E. coli (CFU/mL)

Fig. 5. Calibration curve plotting % resistance change ((R-Ro)/Ro%) against the con-
centration of E. coli. Rg is the resistance of the M13-modified rGO channels after in-
cubation with PB and R is the resistance of the sensor after incubation with different
concentrations of E. coli. Each data point is an average of responses from 3 different
M13-modified sensors and error bars represent +1 standard deviation.

film. The resistance of the sensor chip increased after each modi-
fication step of PCA, EDC/NHS-M13 phage, EA, and T20, compared
to the interdigitated electrodes with rGO. Especially, the change in
resistance of the sensor chip was large after the modification steps
of PCA and EDC/NHS-M13 phage. These results suggest that the
large molecules modified on the electrodes increased their resis-
tance. On the other hand, small changes in resistance were
observed after the modification steps of EA and T20. These results
are consistent with literature, confirming that the modification
steps of the sensor chip were successful [16].

3.3. Measurement of E. coli bacteria

The biosensors were evaluated for E. coli detection by incubation
with 10? CFU/mL to 107 CFU/mL. The sensor response (% resistance
change calculated as (R—Rg)/Ro*100 = AR/Rp*100, where Ry is the
sensor’s resistance before the addition of E. coli bacteria, and R is

M13 phage
rGO

¥ ¥ ¥ ¥ ¥ ¥ /% % ¥ ¥

Source

Source Drain ‘

Fig. 6. The sensing mechanism of the rGO-M13 phage CR-FET biosensor for E. coli
detection. Illustration of the change of the charge distribution induced by the binding
of the negatively charged E. coli.
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Table 1

Comparison of the sensing performance for various detection methods.
Method Detection time Bacteria Detection limit Reference
Flow cytometry 5 min E. coli and others 10° cells/mL [31]
PCR 4 h Listeria and others 10° CFU/mL [32]
Fluorescence 20 min E. coli 50.2 CFU/mL [33]
Antibody-G-FET 100 s E. coli 10 CFU/mL [34]
Aptamer-G-FET 72s E. coli 102 CFU/mL [35]
Antibody-G-CR/FET 30 min E. coli 10 CFU/mL [19]
Antibody-Au-Al,03-rGO FET 50s E. coli 10° CFU/mL [18]
Phage-rGO-CR 30 min E. coli 45 CFU/mL This work

the resistance after the addition and 30 min of incubation of E. coli
bacteria) was measured after the incubation with 20 pL of E. coli
bacteria aliquots for 30 min followed by washing with PB (Fig. 5). As
shown in the figure, a linear decrease in the device resistance was
observed with the increase of E. coli concentration. This can be
explained by the electrostatic gating effect induced by negatively
charged E. coli (Fig. 6). When M13 phage captured the negatively
charged E. coli, the density of negative surface changes was
increased, which leads to an increase in the amount of hole carriers
in the p-type rGO sheets. As shown in Fig. 5, the biosensor response
exhibited an excellent linear correlation to Logo(CFU/mL) over the
complete tested concentration range (R*> = 0.9869). The limit of
detection (LOD), defined as LOD = 3*Sd/S, where Sd is the standard
deviation of the mean of blank measurements, and S is the slope of
the calibration curve, was estimated as 45 CFU/mL, which is
competitive to other reports detecting bacteria by various detection
methods (Table 1). Thakur et al.’s work on detection of E. coli, using
antibody-Au-Al,03-rGO, had a single cell detection in 1 puL, which is
equivalent to 10° CFU/mL [18], which is slightly higher than the LOD
of this sensor platform (45 CFU/mL). In addition, the introduced
sensor implements M13 phage as a bioreceptor, which has a higher
stability than the antibody-based biosensors. These results prove
the M13 phage rGO-CR biosensor to be a strong candidate system
for the detection of coliforms in water.

3.4. SEM imaging of E. coli cells captured by the biosensor

To verify that the increased response of the sensor system was
derived from the phage-E. coli binding, two different concentra-
tions of E. coli (10> and 10° CFU/mL) were incubated with two
sensor chips for 30 min, washed with PB, and then imaged with
SEM. The bacteria were captured by M13 phage on the electrodes
which were totally covered by a thin film of rGO. The images in
Fig. 7 show a clear difference in the number of bacteria between the
two concentrations on the two chips. This confirms that the in-
crease in sensor’s resistance is attributed to the increase in number
of captured bacterial cells.

3.5. Selectivity and control experiments

To test the selectivity of the proposed sensor, control experi-
ments were designed (Fig. 8). Firstly, P. Chlororaphis was tested as
non-host cells with M13-rGO sensor, and there was no noticeable
response. Moreover, as a control experiment, the sensor without
M13 phage was tested against E. coli XL1-blue. There was also no
noticeable response detected. Thus, this sensor system is selective
to F-pili of E. coli strains such as XL1-blue.

4. Conclusion

In this study, we reported the rGO-FET M13 phage-based
biosensor system for early detection of E. coli. The interdigitated
gold electrodes were modified with a thin film of rGO as a

semiconductor sensing material. For the biorecognition element,
M13 phage, a non-lytic and highly stable bacteriophage, was
introduced for the selective recognition of F-pili containing E. coli
strains. The developed sensor showed good sensitivity to detect
E. coli strain with a LOD of 45 CFU/mL. This value is comparable with
other methods which have been previously reported for detecting
E. coli. Furthermore, this sensor was specific towards target bacteria
and not affected by interference with other bacteria. From these
observations, we concluded that the introduced sensor has a high
sensitivity, and it showed selectivity to E. coli. This sensing system
could be a promising platform for economic and accurate on-site
detection of fecal coliforms with simple operations.

1 500 x

Fig. 7. SEM micrographs of the fabricated sensor chip incubated with E. coli bacteria at
10° CFU/mL (top) and 10° CFU/mL (bottom).
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Sensor response (n=3)
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Fig. 8. Control experiments. (a) Calibration curves plotting % resistance change against
the concentration of P. chlororaphis, as non-host bacteria to M13 phage (gray)
compared to E. coli (black), as host bacteria. The white column shows the response of
the sensor incubated with E. coli in the absence of M13 phage. (b) Responses at the
bacteria concentration of 10 CFU/mL show no detectable response of the system with
P. chlororaphis (in presence of M13 phage), with E. coli in presence and absence of M13
phage. The P value was <0.05. Each data point is an average of responses from 3
different M13-modified sensors and error bars represent +1 standard deviation.
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