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Abstract—We propose here a graphene biosensor based
on the field-effect transistor (FET) architecture for
continuous and real-time monitoring of bacteria, with
beneficial features including facile operation, low-cost,
selectivity, and high sensitivity. Our sensing device consists
of the chemical-vapor-deposition (CVD) graphene
monolayer, functionalized by the phage tail spike proteins
(TSPs) that form specific binding sites to capture E. coli
bacteria. We have investigated effects of surface
functionalization and bacteria binding on the conductance
of atomically thin graphene that determines transfer
characteristics of a graphene FET (GFET). We have
experimentally demonstrated that the concentration of E.
coli bacteria can be selectively and accurately detected (at
the single bacterium level) by a TSP-functionalized GFET.
The proposed graphene biosensor may be of great interest for rapid, efficient detection of bacterial pathogens that
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could potentially pose a severe threat to human, animal, or plant health.
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|. Introduction

UMAN pathogenic bacteria, such as E. coli, Salmonella,

Listeria, and Staphylococcus, are often excreted by warm-
blooded animals and survive well in the warm and moisture
environment. They can contaminate urban surface water
through human and animal fecal waste and stormwater runoff,
which lead to serious consequences. The traditional
microbiological methods, such as polymerase chain reaction
(PCR), enzyme-linked immunosorbent assay (ELISA), and
deoxyribonucleic acid (DNA) hybridization, either are labor-
intensive or require bulky and expensive instruments [1], [2].
Recently, biosensors based on solid-state electronic devices
have attracted wide interests, since they may offer great
advantages over the traditional methods, such as the ease of
operation, short turnaround time, and wide detection capacity.
Graphene has emerged as a promising carbon material for
biosensors, due to its two-dimensional atomic structures that
enable large reactive surfaces and efficient chemical doping, as
well as the potential for increased sensitivity to electrochemical
reactions. Graphene has a gapless band structure and a finite
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density of states around the Dirac point, which leads to a widely
tunable electrical conductivity, sensitively responsible for
chemical and electrostatic gating effects. Graphene-based
micro-/nano-sensors have been developed to detect gases and
biomolecular agents, with a molecular level sensitivity and
multifunctionality [3]-[19]. Very recently, we have shown that
combining unique electronic and chemical features of a GFET
can be exploited to build a chemically-tuned radio-frequency
(RF) modulator [20], in which an input RF signal can be
efficiently converted to the second harmonic, with a conversion
gain controlled by the chemical doping effect. Such an RF
biosensor, only possible with GFETs, shows great potential to
be implemented as ultrasensitive, low-cost, and low-profile
wireless biochemical and gas sensors, as well as smart
wearables [21]-[23].

Berry’s group first reported the use of graphene-based
biosensors for single bacteria detection [24]. However, their
approach was based on the electrostatic adhesion of bacteria on
a pristine graphene, which is non-specific (i.e., charged bacteria
of different types cannot be separately perceived), thus not
applicable to practical sensing applications. Recent
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breakthrough shows that in interaction between biomaterials
and graphene can be utilized as a nanosensor platform for
monitoring the bacteria growth on tooth enamel [25]. In this
proof-of-concept demonstration, bio-selective detection of
bacteria at single-cell levels was achieved by using the self-
assembly antimicrobial peptides on graphene. Similarly, it has
been recently demonstrated that graphene-based biosensors can
detect E. coli bacteria [26], with a high sensitivity and a limit of
detection (LOD) of 10 cfu/mL.

Conventionally, the immobilization of P22 tail spike proteins
(TSPs) [27] functionalized on the silicon substrate has been
used for selective bacterial sensing [28]. However, to date,
surface functionalization of graphene monolayer with TSPs has
not been studied yet. In this work, we will investigate, for the
first time, sensing mechanism and selectivity of the TSP-
functionalized GFET used for the detection of E. coli bacteria.
The goal of this study is to demonstrate that a TSP-
functionalized GFET can provide highly selective detection of
E. coli bacteria, for which the engineered TSPs form binding
sites to enable identification and characterization of molecular
determinants of bacterial host specificity. Each TSP as a
receptor has two terminal domains, where the C-terminal
domain can bind to the cellular Lipopolysaccharides (LPS)
receptor, while the N-terminal domain can be immobilized to
the biosensor substrate through 1-Ethyl-3-(3-
dimethylaminopropyl)-carbodiimide/N-hydroxy-succinimide
(EDC/NHS) [27]. Attaching TSPs to the flatland sensor, ion-
sensitive GFET [Fig. 1] may allow an increased area for
electronic interactions between the bacteria and the graphene
channel. Moreover, the anchoring of TSPs to the substrates
allows correct orientation of TSPs. Hence, the C-terminal
binding domains of TSPs are exposed to the bacterial surface,
which may increase the binding efficiency of ligand-receptor
and the smoothness of surface for facilitating characterization.

Il. RESULTS AND DISCUSSIONS

Figure 1(a) shows the macroscopic image of a GFET-based
bacteria sensor. Figure 1(b) schematically shows the
experimental setup, where the channel conductance of GFETs
is determined by the number of bacteria trapped on the
functionalized graphene surface; the optical images and its
zoom-in view of the fabricated GFET are shown in Figs. 1(c)
and 1(d). The Raman spectrum measurement, shown in Fig.
1(e), reveals that most areas (80-85%) of GFET’s channel are
single layer graphene. Binding of the bacteria was monitored
by measuring variations in the electrical conductance of
graphene, i.e., drain-current (Ips) versus gate-voltage (Vgs)
curves. Figure 1(b) also shows the measurement setup, where
the bacteria sensing was conducted in the liquid environment.
When the device is immersed in a liquid solution, charges on
the cellular membranes of bacteria will affect local dipoles and
thus surface potential of graphene [29]. Similar to the pH
sensing mechanism, when the negatively charged bacteria are
attached to the graphene surface, the Dirac point of graphene,
corresponding to the dip of drain current, is expected to shift to
higher positive gate voltages, owing to the increased amount of
hole (p-type doping) in the graphene channel. On the other
hand, if the bacteria are positively charged, the Dirac point will
shift to the left because, in this scenario, electrons (n-type
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Fig. 1. Graphene bacteria sensor and electrical measurement setup.
(a) Optical image of an GFET as a compact bacteria sensor; (b)
measurement setup for GFET biosensor; (c), (d) zoom-in microscope
images of the device (scale bar represents 40 um); (¢) Raman
spectrum of the chemical vapor deposition (CVD) graphene.

doping) are induced in the graphene channel. In this case, since
the functionalized TSPs will form the binding sites for the
molecular determinants inside the bacterial host that is larger
than the Debye length [30], the Debye screening effect may
hardly prevent the charged determinants doped in graphene. In
our experiment, an Ag/AgCl reference electrode was used to
avoid the potential change due to electrochemical reactions. By
sweeping the top gate voltage and monitoring the drain current,
one should be able to measure the shift of Dirac point of GFET
exposed to different bacterial samples.

Figure 2 shows the flow chart for the surface
functionalization of graphene and schematics of how the E. coli
bacteria is captured by the E. coli TSPs functionalized on the
graphene surface. First, we treated the graphene with oxygen
plasma for 2 seconds, for introducing more oxygen and
hydroxyl groups at its defect sites [Fig. 2(a)]. Then, the
graphene was immersed in a 2% solution of (3-
Aminopropyl)triethoxysilane (APTES) in ethanol (95%) with a
pH value of 5 for 15 minutes. The device was baked at 100°C
for 5 minutes for curing the silane monolayer and was rinsed
again with ethanol and deionized (DI) water. To activate the
amine group of the APTES [Fig. 2(b)], the graphene device was
incubated in 2% glutaraldehyde for 30minutes at room
temperature. During this step, the amine group will form C=N
group with the carboxyl group of the glutaraldehyde [Fig. 2(¢)].
Also, the other terminal of the glutaraldehyde can be used for
the bioconjugation with a TSP through its N-terminal [Fig.
2(c)]. The 180 pg/ml ~ 400 pg/ml E. coli TSPs were used to
functionalize the graphene through bioconjugation [Fig. 2(d)].
After the TSPs immobilization, 1% bovine serum albumin
(BSA) was used to block the nonspecific binding [Fig. 2(e)].
Details for the preparation of GFET and TSP can be found in
the Appendix A. To prepare the E. coli O157 bacteria, a single
colony of E. coli 0157 ATCC70926 was inoculated in 10 ml of
Luria-Bertani (LB) broth and incubated overnight at 37°C.
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OH OH E. coli bacteria 0.328 ~0.517 0.0257 ~ 0.0406 1.67 ~0.401
BSA -13.1~-15.8 -1.03~-1.24 0.324 ~1.02
GRAPHENE E. coli phage -122~-173  -0.954 ~-1.354 0.396 ~ 1.69
= E. coli TSP —2.88 ~-15.8 —0.226 ~-1.236 0.158 ~6.71
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@ water at 25°C, and results are summarized in Table 1. We
ccortse | | 0N '{ e have diluted original samples into 10 times and 100 times with
e e VP e P e Y ; :
the tap water. It was found that the E. coli bacteria have a zeta
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Fig. 2. Flow chart of surface functionalization of graphene: (a) oxygen
plasma treatment for introducing the surface oxygen and hydroxyl
group; (b) APTES reaction for introducing the amine group; (c) binding
of glutaraldehyde that introduces the carboxyl group; (d) E. coli TSPs
immobilization with the carboxyl groups; (e) 1% BSA was applied for
blocking unconjugated sites; (f) schematics of E. coli bacteria binds to
E. coli TSP.

Bacterial suspension was centrifuged at 5000 rpm for 5 minutes
and washed twice with 0.85% saline. To measure the binding
of the bacteria with the graphene biosensor, a droplet of fresh
E. coli bacteria with a concentration of 1x10°~1x10'° cfu/ml
was deposited to cover the functionalized graphene. After 30
minutes, we washed off the non-binding bacteria by rinsing the
device with tap water. The electrical conductance of the device
in response to the bacteria binding was measured by and
Ag/AgCl reference gate electrode, as shown in Fig. 1(b). The
semiconductor characterization system (Keithley 4200) was
used to measure Ips~VGs characteristics of the GFET-based
biosensor in a liquid (tap water) environment.

The electrochemical properties of the E. coli bacteria were
characterized using the zeta potential, which is the electrical
potential between the aqueous solution and the stationary layer
of the surrounding liquid attached to the bacteria [21]-[23]. The
zeta potential measurement was based on the phase analysis
light scattering (PALS) in Zetasizer Nano ZEN3600. The E.
coli bacteria and E. coli TSP were diluted with tap water and
the zeta potential was measured in Malvern capillary plastic
cells (DTS 1061). The scattering detection angle is 173 and the
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1], implying that the surface charge of the bacteria in the tap
water environment is positive. We notice that some literature
shows that zeta potential of the bacteria is negative [24]-[26].
This is because the zeta potential depends on the pH or the ion
concentration of the background media.

We have systematically studied the carrier transport
properties in the functionalized GFET before and after exposure
to the E. coli bacteria. We used 1% BSA to quench the
unreacted E. coli TSPs immobilized on the surface of graphene.
In addition, we have conducted a series of comprehensive
experiments for testing the selectivity of bacterial binding; here
two different types of bacteria, Salmonella and E. coli, were
measured using the same TSP-functionalized GFET. The E.
coli TSPs may efficiently capture the E. coli bacteria as
expected, while being inactive to the Salmonella bacteria.
Figure 3(a) presents transfer characteristics of the GFET
biosensors during the surface functionalization and tentative
binding of Salmonella bacteria; here the Ips~Vas curve of
TSP-functionalized GFET was measured as the baseline. It is
seen from Fig. 3(a) that the BSA blocking did not shift the Dirac
point (current dip in the Ips~VaGs curve), indicating that the
BSA blocking has no effect on the TSP-immobilized graphene
surface and, therefore, the conductance of graphene remains
unchanged. When 5x10'° cfu/mL Salmonella bacteria were
added onto the graphene channel, it caused no significant shift
of the Dirac point, as can be seen in Fig. 3(a). This is because
the Salmonella bacteria are not able to bind to the E. coli TSPs,
due to their mismatched biofunctional groups. Also, the non-
specific binding of the Salmonella bacteria was prevented by
the BSA blocking. Figure 3(b) presents the microscope image
of the GFET biosensor after exposure to the Salmonella
bacteria, showing that Salmonella bacteria were not bound to
the E. Coli TSPs. Figure 3(c) presents the transfer curve for a
TSP-functionalized GFET bound with the E. coli bacteria; here
we cultured the E. coli bacteria onto the graphene channel and
used the saline solution to remove the unbounded E. coli
bacteria. It is clearly seen from Fig. 3(c) that, in sharp contrast
to the exposure of Salmonella bacteria, binding of E. coli
bacteria can cause the n-type chemical doping effect, leading to
a negative shift of the Dirac point (—20 mV). This can be
attributed to the fact that the positively charged bacteria would
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Fig. 3. (a) los ~ Vs characteristics of a GFET before and after exposure
to the Salmonella bacteria, showing that no Salmonella bacteria can be
trapped by the TSP sites of graphene. (b) Optical microscope image of
the GFET after exposure to the Salmonella bacteria. (c) lps ~ Ves
characteristics before and after the binding of E. coli bacteria, showing
that Dirac point of GFET was shifted by ~20mV. (d) Optical microscope
image of the GFET in (c) after binding of the E. coli bacteria; there are
about 33+2 bacteria counts. (e) Ips ~ Vs characteristics for the same
device in (c), after successive exposures to the E. coli bacteria and the
Salmonella bacteria, showing that the Salmonella bacteria has no
effect on conductance of the graphene channel. (f) Optical microscope
image of the GFET in (e), after adding the Salmonella bacteria; there
are about 2712 E. coli bacteria counts tightly bound to E. coli TSPs on
the graphene surface.

induce electrons (n-type doping) in the graphene channel,
according to the measurement of the E. coli bacteria [Table 1].
We also calculated the electron and hole mobilities in the
GFET, which can be derived as u=(1/Cg)(d0/Vy) [37],
where Cg is the quantum capacitance of the graphene (~20
nFem?), o is the conductance, and Ve is the gate voltage
[38], [39]. The calculated hole and electron mobilities are
nearly the same (1.1x10° ~1.2x10° em?*V-Is7!), due to the linear,
symmetric energy dispersion of graphene. Figure 3(d) is the
microscope image of a GFET biosensor exposed to the E. coli
bacteria. Based on the microscope image, the number of the E.
coli bacteria trapped on to the 80 um x 50 um graphene
channel was counted as 33%2. Finally, we rinsed the GFET
biosensor in Fig. 3(c) with the saline solution and cultured the
Salmonella bacteria on it. Figures 3(e) and 3(f) present the
transfer curve and the microscope image after further exposure
to the Salmonella bacteria. We found that there is hardly to
observe any shift in the Dirac point after adding the Salmonella
bacteria onto the GFET biosensor that is already E. coli-bound.
As a result, it is evident that the biospecific binding and thus
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specific biomarker, such as TSPs used here.

Figure 4 summarized the sensitivity of this GFET-based
bacteria sensor as a function of the number of the E. coli
bacteria captured by the E. coli TSPs, showing an excellent
linearity and a sensitivity 1.24 mV/bacteria. With a high
population (~50) of bacteria bound to the graphene surface, the
Dirac point shift can be up to 35 mV. The results in Fig. 4
validate that the TSP-functionalized GFET could offer selective
detection for the GFET-based sensor, showing the potential for
detection of bacterial pathogens with certain selectivity.

At last, it should be noted that this TSP-functionalized GFET
may also be able to mitigate the electrolytic noise and drift issue
at the graphene interface, thanks to the selectivity of the TSP-
functionalized GFET sensor and the blocking of the non-
specific binding on graphene surface enabled by BSA.
Additionally, we note that the sensitivity of accuracy of
detecting analytes can be improved by increasing the number of
TSPs functionalized on the graphene surface, or by designing
top-gate and/or double-gate GFET with suitable electrode
materials.

IIl. CONCLUSIONS

In this paper, we have demonstrated a label-free, graphene
transistor-based bacteria sensor, which can detect specific
enteric bacteria, such as E. coli and Salmonella bacteria,
depending on the surface functionalization method used to
sensitize graphene. Specifically, we have developed an efficient
method to develop TSPs-functionalized GFET that enables
highly selective binding of the E. coli bacteria. We have
measured variations in transfer characteristics (Ins~Vgs curves)
of'a GFET for all functionalization steps and molecular binding
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events and have retrieved the sensitivity by analyzing the shift
of Dirac point in response to the number of the bacteria bound
onto the graphene surface. Our results show that a sensitivity of
1.24 mV/bacteria and a good linearity can be achieved, with
excellent selectivity to the E. coli bacteria. The proposed
GFET-based biosensor shows great potential as a molecular
diagnostic system to identify dangerous bacteria, such as E.
coli, staph infections, human/animal pathogen, and even some
superbugs. Further development may lead to contactless RF
biosensors, taking advantages of GFET’s biosensing and
ambipolar frequency doubling functions, for meeting
unprecedented rise in the demand for wireless wearables and
implants, healthcare internet-of-things, and radio-frequency
identification (RFID) sensors.

APPENDIX

A. Device Fabrication

We used chemical vapor deposition (CVD) method to grow
pristine graphene [40]. Typically, a 25 pum thick copper foil
(Alfa Aesar) was loaded into a furnace. The system was
pumped down in vacuum (10~# Torr) and copper was annealed
at 1000°C with 3 standard cubic centimeters per minute
(sccm) hydrogen gas first. The graphene was synthesized by
adding the mixture of methane and hydrogen gases with a ratio
of flow rates 10:1 (CH4:H,). When the temperature was above
700°C, methane was thermally decomposed into carbon and
hydrogen on top of copper surfaces. Due to the limited
solubility of carbon atoms in copper, a single-layer graphene
was formed. Figure 5 shows the fabrication process flow chart
of GFET, which is similar to that of our recently developed pH
sensors [7]. The CVD graphene was first transferred onto a
silicon substrate with 300 nm silicon dioxide (SiO-). Then 200
nm thick polymethylmethacrylate (PMMA) was spin-coated on
top of the graphene/copper. Afterward, the backside graphene
was etched using the oxygen plasma (100W O, 30 sccm 30 s),
and the copper foil was etched by a diluted copper etchant
(APS-100). To remove the metal residual and other polymer
contamination on the graphene, a modified RCA clean was used
to clean the graphene before being transferred to the substrate
[41]. After rinsing with DI water, the PMMA/graphene sheet
was carefully taken out of the DI water and gently attached to
the target substrate. The PMMA was dissolved using the
acetone solution right after the PMMA/graphene sheet was air
dried. The patterning of graphene was done by the
photolithography and the oxygen plasma etching, in order to
define the graphene channel (rectangular shape with length of
80 pum and width of 50 um). Finally, a thin layer of Ti/Au (5
nm/50 nm) was deposited as the drain and source electrodes
using the e-beam evaporation and the lift-off process. In our
design, both back gate (silicon) and top gate (reference
electrode) could be applied voltage to tune conductivity in
graphene.

B. Preparation of phage ®V10

Phage ®V10 is an E. coli O157-specific phage and encodes
a tail spike that specifically recognizes the O157 antigen of E.
coli O 157 [42], [43]. 100 pl of E. coli O157 ATCC700926 (
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Fig. 5. Process flow of the device fabrication: (a) CVD growth of

graphene on the copper foil; (b) removal of the backside graphene
using the oxygen plasma etching, following the spin coating of the
PMMA on the top side; (c) removal of the copper by wet etching; (d)
transfer PMMA/graphene to the silicon substrate with thermal oxide
grown on it; (e) removal of PMMA; (f) lithographically patterning the
graphene channel and the deposition of contact electrodes using the e-
beam evaporation.

106 cfu/ml) and 100 pl of ®V10 phage (titer approximately 10°
Plaque Forming Unit (PFU)/ml) were mixed with 50 ml of LB
media and incubated overnight at 37°C, followed by
centrifugation and filtration [27]. Phage lysate (titer
approximately 10° PFU/ml) was then ultra-centrifuged at
35000 rpm in a rotor (Beckman SW41-Ti) for 2 hours using a
13 ml Beckman ultracentrifuge tube. The pellet was re-
suspended in 0.85% saline and ultra-centrifuged again. The
final pellet was re-suspended in 200 pl of 0.85% saline and
stored at 4°C until use.

C. Purification of TSP from phage ®V10

25 ml phage was used for phage DNA isolation using a
combination of the Qiagen Lambda phage isolation procedure
and the Qiagen Genomic DNA Isolation Kit. Buffers L1 to L5
were made according to manufacturer’s direction, followed by
passage over the Qiagen genomic DNA isolation column
(Qiagen). The sequences for the TSP of ®V10 were amplified
by PCR using primers designed from the published sequence of
®V10 (NCBI, NC 007804). The amplified DNA was cloned
into the pET-SUMO TA cloning vector (Invitrogen),
facilitating an N-terminal fusion to an epitope tag containing 6
histidine residues (6S HIS-tag), which was subsequently used
to facilitate purification of the protein. The plasmid construct
was then transformed into Invitrogen DE3 chemically
competent E. coli cells, followed by induction of E. coli to
express the protein fragment by an addition of 1mM (isopropyl
beta-D-thiogalactoside) (IPTG). Protein purification was
performed using a Nickel agarose column (Ni-NTA purification
system, Invitrogen). The clarified lysate was passed over a Ni-
NTA column packed with 1.5 ml of nickel agarose slurry,
washed and eluted. Fractions were verified by Simply Blue Safe
Stain (Invitrogen) on an 8% polyacrylamide gel.
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