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E. coli O157:H7 is an enterohemorrhagic bacteria responsible for serious foodborne outbreaks that causes
diarrhoea, fever and vomiting in humans. Recent foodborne E. coli outbreaks has left a serious concern to public
health. Therefore, there is an increasing demand for a simple, rapid and sensitive method for pathogen
detection in contaminated foods. In this study, we developed a label-free electrical biosensor interfaced with
graphene for sensitive detection of pathogenic bacteria. This biosensor was fabricated by interfacing graphene
with interdigitated microelectrodes of capacitors that were biofunctionalized with E. coli O157:H7 speciﬁc
antibodies for sensitive pathogenic bacteria detection. Here, graphene nanostructures on the sensor surface
provided superior chemical properties such as high carrier mobility and biocompatibility with antibodies and
bacteria. The sensors transduced the signal based on changes in dielectric properties (capacitance) through (i)
polarization of captured cell-surface charges, (ii) cells' internal bioactivity, (iii) cell-wall's electronegativity or
dipole moment and their relaxation and (iv) charge carrier mobility of graphene that modulated the electrical
properties once the pathogenic E. coli O157:H7 captured on the sensor surface. Sensitive capacitance changes
thus observed with graphene based capacitors were speciﬁc to E. coli O157:H7 strain with a sensitivity as low as
10–100 cells/ml. The proposed graphene based electrical biosensor provided advantages of speed, sensitivity,
speciﬁcity and in-situ bacterial detection with no chemical mediators, represents a versatile approach for
detection of a wide variety of other pathogens.

1. Introduction
Pathogenic bacteria that causes infectious diseases pose serious
public health concern worldwide and contribute to signiﬁcant economic losses (Paulitz and Belanger, 2001). Events such as the massive
outbreak of E. coli O157:H7 infection occurred in Japan in 1996
(Michino et al., 1999) and recently in Europe (World Health
Organization, 2011) has claimed many lives and sent shocking news
around the world. Among the pathogens associated with life-threatening symptoms, the enterohemorrhagic E. coli bacterial strains have
caused serious foodborne outbreaks (Abadias et al., 2008; Alocilja and
Radke, 2003; Barreiros dos Santos et al., 2013). Detection and control
of such foodborne bacterial-pathogens, such as E. coli serotype
O157:H7 is one of the major challenges in preventing severe diseases
in humans (Geng et al., 2008; Tokarskyy and Marshall, 2008; Yang and
Bashir, 2008).
Recently, there has been an increasing demand for pathogen
detection methods in a simple, rapid and sensitive capacity to provide
rich information on pathogens, especially in resource-limited settings.
⁎

A variety of complex methods, such as polymerase chain reaction
(PCR)-based methods (Atrazhev et al., 2010; Soto et al., 2010), DNA
microarrays (Peham et al., 2012; Rasooly and Herold, 2008), DNA
sequencing technology (Li and Rothberg, 2004), ELISA (Charlermroj
et al., 2013), staining (Swannell and Williamson, 1988), isolation
(Hansen et al., 2009), and cell culture (Vimont et al., 2006) have been
employed for pathogen detection. In all of the above methods, it is
essential that the suspected samples have to be extensively processed
for pathogen detection, such as cell-lysis, DNA extraction, ampliﬁcation
and puriﬁcation (Lemarchand et al., 2005). These methods require
expensive and high-precision instruments that rely on cumbersome
procedures and project challenges of false positives due to crossreactivity. Further, various ﬂuorescent (Bruno et al., 2010; Ohk et al.,
2010) or electrochemical detection (Torres-Chavolla and Alocilja,
2009) based biosensors have been developed for pathogen detection.
These require secondary chemical mediators such as ﬂuorophores or
redox-agents for signal generation. Therefore, new alternative strategies are required that allow direct, in-situ and sensitive detection of
bacterial-pathogens.
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2.3. Activation of graphene-interfaced with electrical biochip and
characterization

Integrating graphene nanostructures has proved to be advantageous in enhancing sensitivities of electrochemical sensors and
develop new generation of biosensors. For example, the large
surface area of 2D-graphene enables homogeneous functionalization of biological materials. Graphene's superior electrical properties such as, high charge-mobility at room temperature with
tunable conductance makes it sensitive to a small amount of extra
charges to cause a noticeable change in electronic-sensors (Yang
et al., 2010). Recently, sensitive electrochemical immunosensor
based on graphene-wrapped copper oxide-cysteine hybrid composite was employed for the detection of pathogenic bacteria (Pandey
et al., 2017). Graphene-based other electrochemical biosensors for
detection of bacterial cells have been reported that heavily rely on
redox-mediators which hampers signal transduction (Hernandez
et al., 2014; Tiwari et al., 2015; Wang et al., 2013). Graphene-based
ﬁeld eﬀect transistors (FETs) have been reported to detect E. coli
living cells (Akbari et al., 2015; Hess et al., 2011; Huang et al.,
2011). Such studies emphasized on graphene-interfaced devices for
detecting cells but suﬀer from major challenges, such as speciﬁc
bio-anchoring without altering graphene electrical properties and
temperature eﬀects.
In this study, we developed a label-free graphene based electrical
biosensor for sensitive and speciﬁc detection of foodborne pathogenic E. coli O157:H7 bacteria. This biosensor was fabricated by
directly interfacing graphene-nanostructures functionalized with
O157:H7-speciﬁc-antibodies that captured pathogenic bacteria on
the sensor surface. We tested two distinct types of graphene
nanostructures through interfacing with SiO2-substrates, such as
defect-free monolayered-graphene (MG) and less-expensive fewlayered graphene nanoplatelets (GNPs). The ability of graphene's
charge carrier mobility on capacitors generated sensitive electrical
transduction signals is reported. The graphene-based biosensor
chips designed to generate non-Faradiac electrochemical signals
(capacitance/impedance) speciﬁc to pathogenic bacteria that did not
require redox mediator chemicals.

GNPs/MG interfaced with capacitor arrays were incubated with
5 mM of 1-pyrenebutanoic acid succinimidyl ester (PASE) in methanol
for 2 h and a self-assembly of PASE was formed on outermost layers of
graphene-on-chips by systematic stacking that provided active functional groups for antibody immobilization. Sensors were then washed
with methanol followed by water and dried. Thus obtained PASE
activated sensor chips were incubated overnight with anti-E. coli
O157:H7 antibodies (1, 3 and 5 μg/ml in PBS) at 4 ℃. The chips were
thoroughly washed with PBS followed by water and the extra unreacted
antibodies or salts were removed. Finally, the chips were incubated
with 5% bovine serum albumin (BSA) in PBS solution containing 0.1%
Tween 20 to block free or unreacted functional groups on sensor
surface. Immobilization of anti-E. coli O157:H7 on graphene-interfaced with chips were conﬁrmed by Fourier transform infrared spectroscopy (FTIR) using Thermo scientiﬁc Nicolet™ iS™10 FT-IR
Spectrometer. The contact angle measurements taken by sessile drop
method that enabled determining the changes in sensor hydrophilicity
favoring biological reactions on sensors.
2.4. Bacterial cultures and incubation of cells-on-chips
E. coli O157:H7 (NCTC 12900, Public Health England) with
serotype O157:H7 were regenerated according to the NCTC instructions on Luria Bertani (LB) agar medium. Appropriate safety measures
were taken in handling the bacteria as per the guidelines of NCTC and
the details are described in SI-section. A wild-type non-speciﬁc E. coli
strain (DH5α) was used as a negative control under identical conditions for validation. Replicate cell-suspensions ranging from 10–107
cells/ml were prepared freshly just before the biosensing processes. A
series of E. coli O157:H7 cell concentrations ranging 10–107 cells/ml
in 5 μl volumes (about one drop) were incubated on capacitor arrays
functionalized with anti-E. coli O157:H7 antibodies for 30 min. After
incubation, the sample drops on each capacitor in an array was quickly
aspirated using a multichannel pipette and the chips were washed with
PBS followed by a quick wash with water and dried. The E. coli
O157:H7 cells captured by antibodies on sensor chips were examined
under the optical microscope (Carl Zeiss).

2. Material and Methods
2.1. Coupling GNPs and MG on SiO2/Si-substrates
GNPs ( < 4 layers; 1–15 nm/5 nm Thickness; Surface area 700 m2/
g; 2 µm diameters, Carbon Solutions Inc., USA) were ﬁrst suspended in
N, N dimethylformamide (DMF, Sigma-Aldrich) at a concentration of
0.5 mg/ml and homogenized by ultrasonication for 5 h. The colloidal
GNPs suspension was stable for 6–7 h and this suspension was
subjected to spin coating followed by covalent attachment on silanized
SiO2 wafers as described in Supporting information (SI). For MG
interfaced chips, chemical vapor deposition (CVD) grown defect-free
monolayered-graphene coupled on SiO2-substrates were used
(Graphene platform corp., Japan) that contained defect-free monolayered-graphene (MG) on SiO2-substrates.

2.5. Electrical measurements
Dielectric parameters (impedance/capacitance) of GNPs/MG-interfaced with chips before and after incubation with E. coli O157:H7 cells
(10–107 cells/ml) was measured against the applied frequency from
40 Hz and 7 MHz using a Karl Süss PM-5 RF Probe Station and Agilent
4294 A impedance analyzer calibrated using SOLT (short-open-loadthrough) process. Speciﬁcity tests were conducted with GNPs/MG
interfaced chip sensors against E. coli O157:H7 serotype and a nonpathogenic E. coli (DH5α) in at least two concentrations (102 and 104
cells/ml) and measured changes in capacitance values from replicate
sensors (n=3) as a function of varying AC frequency. All measurements
were performed in at least triplicates, the average values were plotted
and the standard deviations are shown as errors. Percent relative
standard deviation (%RSD) was calculated to be < 11% from the
experimental data.
The time needed for dipoles on a cell in an electric ﬁeld to relax was
determined by the relaxation time, which is deﬁned by its characteristics frequency (fc) using below Eq. (1),

2.2. Patterning of gold interdigitated microelectrodes on SiO2substrates interfaced with GNPs and MG and characterization
Graphene (GNPs and MG) coupled on SiO2-substrates were subjected to patterning the gold microelectrodes to give rise to grapheneinterfaced array of capacitors (electrical chip) using photolithography
and the details are described in SI section. The fabricated GNPs/MG
interfaced with electrical chips were characterized using scanning
electron microscopy (SEM, Leo Supra 35). Raman spectra of graphene
nanostructures in between the microelectrodes of capacitor arrays were
obtained by Renishaw in Via Reﬂex Raman Microscopy with
Spectrometer equipped with a 532 nm laser source.

fc = 1/2πτ

(1)

where, τ is the relaxation time (Pethig and Kell, 1987). Analysis of
dispersion characteristic frequency and relaxation time dependent
upon the cells' concentration was calculated using Eq. (1).
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Fig. 1. Characterization of sensor chips. (a) Optical micrographs of GNPs-interfaced chip at diﬀerent magniﬁcations, such as (i) 5X and (ii) 50 X. (iii) A portion of the sensor in between
the gold microelectrodes was characterized by SEM images showing distribution of spin-coated GNPs. (iv) The same substrate was also analyzed by Raman spectra that indicated
presence of a few layers of GNPs. (b) MG-interfaced chip at diﬀerent magniﬁcations, such as (i) 5X and (ii) 50X (i-ii). (iii) A portion of the sensor in between the gold microelectrodes was
characterized by SEM showing monolayered graphene, which was also characterized by (iv) Raman spectra.

sensor chip surface, respectively (Fig. 1a(iii) and 1b(iii)). GNPs
appeared uniformly distributed but provided rough surfaces on and
in between the microelectrodes of chips due to their multi-layers
compared to MG on SiO2-substrate (Fig. 1a–b(i–ii)). Raman spectra
of GNPs on chip showed 2D < G, which is attributed to the presence of
a few layers of graphene on sensor surface (Fig. 1a(iv)). Raman spectra
of MG on sensor surface showed that 2D > G, indicating the presence
of defect-free MG layer on chip which was also clearly evident from the
SEM image (Fig. 1b(iii–iv)).
GNPs/MG-chips were functionalized with anti-E. coli O157:H7
antibodies through PASE linker and conﬁrmed by FTIR spectra and
contact angle measurements and the related details are described in
Supporting information (SI) section (Fig. 2a, Fig. S1, S2 and Table S1).
Attachment of PASE on graphene likely to have occurred because
pyrene tetra-rings in PASE resembled a honeycomb-like structure,

3. Results and discussion
3.1. Characterization of GNPs and MG interfaced with electrical
biosensor chips
Graphene-interfaced with electrical biosensor chips comprised of
graphene networks in between the gold interdigitated microelectrodes
were fabricated by standard photolithography on two substrates, such
as; (i) GNPs coupled by spin-coating (GNPs interfaced chip) and (ii)
CVD grown monolayered-graphene (MG interfaced chip) on SiO2substrates. These two substrates were utilized for determining their
sensitivity to detecting pathogenic bacteria. Optical micrographs of
fabricated GNPs and MG-interfaced chips are shown in Fig. 1a–b(i–ii).
SEM images of GNPs and MG in between the microelectrodes of chips
conﬁrmed the presence of a few layers of GNPs and MG distributed on
227
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Fig. 2. (a) Photographic images of a real graphene-interfaced chip and the process of PASE activation and antibody immobilization. (b) Optical microscopic images of captured target E.
coli O157:H7 cells on graphene-interfaced chips through speciﬁc antibodies covalently attached on chip surfaces. (c) Biosensing of E. coli O157:H7 through measuring capacitance
change between gold microelectrodes of chips.

Fig. 3. Capacitance proﬁles of (a) GNPs- and (b) MGinterfaced-capacitor sensors with diﬀerent concentrations of E. coli O157:H7 cells as a function of applied AC frequency. The
dashed-arrows indicate cell-density dependent increase in the sensor signals.

which promoted stacking on outermost surfaces of GNPs and MG by ππ interaction. While the other terminal in PASE molecules extended
free NHS-ester group, enabling covalent attachment with amino groups
of antibodies speciﬁc to E. coli O157:H7 pathogenic bacteria (Fig. 2a).
Electrical signals from chips signiﬁcantly enhanced when they were
interfaced with either GNPs or MG compared with the control (no
graphene) (Fig. S3). MG interfaced chips showed enhanced capacitance
response which was attributed due to the presence of a monolayeredgraphene with fewer defects in its structure compared with blank or
GNPs interfaced chips (Fig. 1a(iii), b(iii) and Fig. S3). The increased
capacitance response evidently showed that graphene-layers successfully formed conductive networks between the gold electrodes, as
compared to chip responses with no graphene. Capacitor surface
(control, without graphene/antibodies) initially was weakly charged,
which then transformed into a signiﬁcantly enhanced charged surface

while in presence of graphene (GNPs/MG). Here, the presence of
mono-layered and defect-free form of MG on capacitors promoted the
sensitivity to immobilized antibodies at diﬀerent concentrations (Fig.
S4a–b). Cumulative charges resulting from 5 μg/ml of antibodies on an
area of 3 mm2 appeared to be maximum capacity of each fabricated
GNPs and MG-interfaced capacitor chips and the detailed results are
described in SI section.
The antibody-functionalized GNPs and MG-interfaced capacitor
arrays were incubated with a series of E. coli O157:H7 cell concentrations (0–107 cells/ml) (Fig. 2a–b). Capturing of cells on sensor surface
by E. coli O157:H7-speciﬁc antibodies was conﬁrmed by examining
under the optical microscope that showed clear cell-density dependent
attachment (Fig. 2b). Optical images also revealed that the antibodies
were also found immobilized on gold surfaces, indicating that PASE
activation also occurred non-speciﬁcally on gold surfaces probably by
228
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The MG-interfaced chip showed E. coli O157:H7 cell-density
dependent increase in capacitance responses from as low as 10 to
107 cells/ml as compared with GNPs-interfaced chip responses
(Fig. 3a–b). The sensitivity of MG-chip was associated with the
presence of defect-free monolayered-graphene nanostructures. Such
materials show no electrostatic screening eﬀect as compared with
multilayer-graphene with strongest electrostatic correlation when the
electrode is charged (Ji et al., 2014). Therefore, MG-interfaced chip
showed high sensitivity with no capacitance dispersion peak or peak
shift unlike GNPs-chip, proving MG-interfaced chips served as an
excellent sensor platform for detecting E. coli O157:H7 cells.
Capacitive responses of the presented sensors are resulted from the
antibody-bacterial interactions on graphene surface. Such interactions
may induce sensitive changes in conductivity if defect-free MG networks present in between the gold electrodes than the multi-layered
GNPs. Therefore, eﬃcient charge redistribution and recombination
within these conductive networks of MG-interfaced chips provided
greater sensitivity to varying cell numbers (Fig. 3a–b). Capacitance
changes over low frequency are related to double-layer eﬀects on
sensor surface (Taylor and Macdonald, 1987), while changes at high
frequencies could be derived from the adsorption of cells on electrode
surface (Fig. 3a–b). Therefore, capacitance responses over low or high
frequency can be attributed to the formation of a double-layer or
adsorption of captured target cells, respectively by the graphene
networks in between the gold electrode surfaces.
The experimental data can be well represented by a simple
equivalent electrical circuit of a cell as shown in Fig. 4a. Here, Cm is
the membrane capacitance with its corresponding resistance Rm.The
equivalent circuit of the GNPs/MG interfaced chips used in this study is
shown in Fig. 4b. In this circuit diagram, Rf1 and Rf2 are the ohmic
resistances in between the electrodes, L1 and L2 are the magnetic
coupling between the electrodes (self-inductances) and C, the capacitance between the microelectrodes through GNPs/MG and gold
surfaces, including the fringing capacitance of the microelectrodes into
the air. The capacitance Cm is associated with the cell-wall/surface on
the electrodes corresponding to the resistance R3. The antibody probe
immobilization on graphene and cells binding on graphene sensor
surface inﬂuence changes in the charge density (dielectric changes) on
microelectrodes through polarization of cell-surface charges, intracellular bioactivity and dipoles induced by cellular electronegativity that
contributed to overall changes in surface conductivity and capacitive
responses of sensors.
Sensor response data were extrapolated at a speciﬁc frequency to
establish a linear relationship between capacitance change (ΔC) and
varying number of E. coli O157:H7 cells that showed sensitivity and
dynamic range of GNPs (102–106 cells/ml) and MG-interfaced chips
(10–107 cells/ml) (Fig. 5a). It is clear that MG interfaced chips
provided more sensitivity in detecting pathogenic bacteria compared
to GNP interfaced chips (Fig. 5a). GNPs interfaced chips appeared
rough with limited surface area for antibodies to capture cells, because
the antibodies were localized on the peripheral region of intermittent
outermost GNPs layers on sensors. The sensitivity of MG-chips was

physical adsorption that persisted to washings.
3.2. Detection of E. coli O157:H7 on electrical chips interfaced with
GNPs and MG
The capacitance change as a function of diﬀerent concentrations of
E. coli O157:H7 cells on GNPs and MG-interfaced sensor are shown in
Fig. 3a–b. Changes in capacitance proﬁles from sensor chips captured
with O157:H7 cells (0–107 cells/ml) were measured against the
applied AC frequency (40 Hz-7 MHz) (Fig. 3a–b). An appropriate
applied frequency of 6 MHz was selected based on the prominent
dispersion peak found in GNPs-chip and extrapolated the eﬀective
capacitance changes with respect to responses of GNPs/MG chips to
varying antibodies concentrations (Fig. S5).
Capacitance responses from GNPs and MG-interfaced sensors
tended to increase with increased concentrations of cells captured by
speciﬁc antibodies present on the sensor surfaces. Changes in sensor
responses speciﬁc to E. coli O157:H7 are postulated to occur due to the
following reasons. First, the antibodies functionalized on sensors were
speciﬁc to pathogenic E. coli O157:H7 bacteria. Second, the net
negative charges from the outer cell-wall/membrane components, such
as proteins and phospholipids form the ionisable acidic and basic
groups contribute to the overall net negative charges on bacterialsurface. Finally, third, the above cellular features induce changes in the
carrier hole density in graphene upon their capturing of cells-on-chips.
Results of GNPs-interfaced chip showed a unique signature in
dispersion curves as a function of applied AC frequency after capturing
E. coli O157:H7 cells (Fig. 3a). At low frequencies (0–2.5 MHz), cells
seemed to develop resistance probably due to cell membrane insulation
from an external ﬁeld, thus decreasing capacitance signal at lower
frequency range can be seen. However, dynamic increase in capacitance dispersion curves occurred at higher frequencies (4–7 MHz) as
the cell numbers increased when compared to control chip response in
absence of antibodies (Fig. 3a and Fig. S4). The dispersion peak at
6.2 MHz with control chip (with only antibodies) tended to shift toward
lower frequency of 5.85 MHz upon capturing with 102–106 E. coli
O157:H7 cells/ml (Fig. 3a). This result suggested that capacitance
dispersion response of sensors was dependent on the permittivity of
induced cell-surface charges with the applied frequency of an electric
ﬁeld. Shift in dispersion peaks is a characteristic feature of GNPsinterfaced chips captured with E. coli O157:H7 cells under deﬁned
optimized conditions. At higher frequencies, the charges on cells-onchip allow electric ﬁeld to penetrate into the cell until reaching to a
suﬃciently tolerable frequency, during which the cells-on-chip dielectrically polarized as a spheroid composed of molecular dipoles resulting
in a short-circuiting eﬀect (Pethig and Kell, 1987). The dipole
polarization of cells may fall and rise with increasing frequency leading
to a dispersion curve as evidenced in Fig. 3a. The shift in dispersion
peak from characteristic frequency of 6.2 MHz with antibody to
5.85 MHz upon captured E coli O157:H7 cells also indicated its
origination from permanent and induced dipoles on cells surfaces
aligning to an electric ﬁeld.
The time needed for electrical ﬁeld induced dipoles on a cell-surface
to relax (relaxation time) can be deﬁned by its characteristics frequency
from Eq. (1) (Pethig and Kell, 1987). Therefore, it is expected that the
relaxation time of cells-on-GNPs chip should increase as the celldensity increases on sensors. Table S2 shows the relaxation time of
cells with respect to its characteristic frequency calculated based on
dispersion proﬁle from O157 cells-on-GNPs interfaced chips. It is clear
from the results that the relaxation time of E. coli O157 cells-on-GNPs
increased with increasing cell-density from 102 to 106 cells/ml,
indicating eﬀective mobility of the surface charges/ions (dipole moments) with applied electric ﬁeld (Table S2). Increase in cell-density on
chips provided larger volume on sensor surface that probably lead to
changes in intermolecular/cellular motion due to anisotropic change
with applied AC frequency (fc).

Fig. 4. Equivalent circuit of (a) a bacterial cell with Rm and Cm are the membrane
resistance and capacitance, respectively and (b) graphene-interfaced biochip with Rf1,
Rf2 and C represent ohmic resistances and capacitance in between the electrode ﬁngers.
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Fig. 5. (a) Relative changes in average capacitance (ΔC) values from replicate sensors (n=3, percent standard deviation, %RSD of < 2.2%) as a function of varying number of E. coli
O157:H7 cells/ml at frequency ~5.85–6 MHz on GNPs (ΔC < 1, black) and MG (ΔC > 1, red) interfaced chips, respectively. (b and c) SEM images of E. coli O157:H7 cells captured by
antibodies functionalized on GNPs and MG-interfaced sensor surfaces, respectively. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

Pathogenic E. coli strains including strain O157:H7 are evolved
from a common wild-type ancestor and therefore share a majority of
characteristics of wild-type E. coli (Wick et al., 2005). Speciﬁc detection
of pathogenic O157:H7 from the wild-type is a challenging task.
However, detection of a common E. coli strains has been well
established. For example, FET sensors in which CVD-grown graphene
in between the electrodes was previously utilized to sensitively detect at
the level of 10 cells/ml concentrations (Huang et al., 2011). Quartz
crystal microbalance (QCM) sensor has been utilized in conjunction
with beacon magnetic nanoparticles and colloidal gold to sensitively
detect E. coli cells with a detection limit of 23 CFU/ml (Shen et al.,
2011). Several reports on Fardiac approach based electrochemical
impedimetric sensors were reported for speciﬁcally detecting E. coli
O157:H7 serotype (dos Santos et al., 2013; Li et al., 2011). Li et al.
presented electrochemical biosensor which is able to discriminate
between 102 and 105 E. coli O157:H7 cells/ml (Li et al., 2011). Such
studies reported the sensitive detection of pathogenic O157:H7 strain
but the intra-species speciﬁcity remains to be still unclear. Recently,
electrochemical sensor based on gold nanoparticles modiﬁed graphene
paper provided detection of E. coli O157:H7 with a wide linear range
(1.5×102–1.5×107 cells/ml). Similarly, an another study involving
graphene nanohybrids in electrochemical sensor demonstrated speciﬁc
and sensitive detection of E. coli O157:H7 at a range of 10–108 cells/
ml (Tiwari et al., 2015; Wang et al., 2013). Such biosensors are

therefore associated with the uniform large surface area of monolayered-defect free MG providing smooth topography and easy access
for surface-antibodies to bind cells (Fig. 5b–c).
3.3. Sensor speciﬁcity
The GNPs and MG interfaced chips were designed to speciﬁcally
capture O157:H7 strain of E. coli. Considering that other wild-type E.
coli strains share more than 90% similarity with O157:H7 strain and
therefore, it was imperative to test the sensor chips with a wild-type
non-pathogenic E. coli strain. In this study, E. coli DH5α strain was
used as a negative control strain on GNPs and MG interfaced chips (102
and 104 cells/ml) under identical conditions as described for E. coli
O157:H7 cells. Speciﬁcity test results revealed no signiﬁcant increase
in capacitance responses with a non-pathogenic E. coli DH5α strain,
indicating high speciﬁcity of the developed sensors for E. coli O157:H7
serotype (Fig. 6a–b). This speciﬁcity originated from the embedded
antibodies that were highly speciﬁc to O157:H7 strain. Interestingly,
the characteristic dispersion peaks in GNPs interfaced chip response
proﬁle did not shift with non-speciﬁc E. coli DH5α cells as it was seen
with O157:H7 strain, but remained superimposed with blank response
peak (with no cells). However, a small loss of capacitance with GNPschips occurred with non-speciﬁc cells that could be associated with
heterogeneous and non-uniform distribution of GNPs on chips.

Fig. 6. Speciﬁcity tests with graphene-interfaced chip sensors conducted against pathogenic E. coli O157:H7 serotype and non-pathogenic E. coli (DH5α) using (a) GNPs and (b) MG
interfaced chip sensors. Each bacterial strain was tested with at least two concentrations (102 and 104 cells/ml) and measured changes in capacitance values from replicate experiments
(n=3) as a function of varied AC frequency shown in x–axis.
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Appendix A. Supporting information

although highly speciﬁc to E. coli O157:H7 serotype, but they heavily
rely on participation of a secondary redox mediating chemical in order
to generate the signal. Therefore, in this study, the developed biosensor
was designed to speciﬁcally detect E. coli O157:H7 serotype without
the requirement of interfering redox chemicals to generate the signal,
through simply measuring the speciﬁc changes in capacitance under
applied AC electrical ﬁeld. Further, the sensitivity was enhanced by
interfacing sensors with monolayered-graphene in between the gold
microelectrodes of capacitors that yielded a detection limit of 10–107
cells/ml. Sensitive signals can be measured using the developed sensor
upon incubation (30 min) of a tiny droplet (5 μl) of sample containing
E. coli O157:H7 cells on antibody functionalized capacitor arrays. The
shelf-life of antibody functionalized chips stored at 4 °C can last for at
least 4 weeks. The developed biosensor exploits the unique electrical
properties of graphene that provided advantages of sensitivity, speed,
speciﬁcity and in-situ bacterial detection with no chemical mediators
unlike in most of the reported biosensors for bacteria detection in the
literature. However, the quality of graphene and its distribution and
adherence on sensors and batch to batch variations is still challenging
for better sensor performance.

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.bios.2016.12.041.
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4. Conclusion
Most E. coli strains are harmless, but some strains of E. coli
produce toxins causing sickness that usually trigger haemorrhagic
diarrhoea, fever and vomiting. Therefore, there is an increasing
demand for a simple, rapid and sensitive method for pathogen
detection in suspected food samples. Introducing graphene through
interfacing with electrical chip sensors could overcome challenges
related to the existing detection methods. We here reported on
development of a label-free graphene-interfaced capacitor chip that
mainly functions on the principles of dielectric changes (capacitance/
impedance) after capturing pathogenic bacterial cells on sensor chips
interfaced with graphene nanostructures. The fabricated graphene
based label-free electrical chip platform was designed to sensitively
detect pathogenic E. coli O157:H7 bacteria without chemical mediators. Interfacing capacitor sensors with defect-free MG and GNPs
facilitated sensitive detection of bacteria to as low as 10–100 cells/ml.
The sensitivity of developed MG and GNPs biosensors was ~4 pF and
~1 pF in terms of change in biosensor signal per unit change in analyte
concentration of 10–100 cells/ml, respectively. However, a trade-oﬀ
between the two distinct nature of graphene nanostructures interfaced
with electrical biosensors, where defect-free MG provided greater
sensitivity (10 cells/ml) but diﬃcult to maintain defect-free nanostructure on sensors and expensive, as compared with those sensors
interfaced with GNPs (minimum sensitivity=100 cells/ml). However,
both capacitive sensing platforms developed in this study can serve as
powerful tools for preventing epidemic associated with contagious
pathogenic bacteria like E. coli O157:H7.
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