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Graphene, which is a recently discovered single-atom-thick planar sheet of carbon atoms perfectly

arranged in a honeycomb lattice, has great potential in biosensing owing to its extraordinary electrical,

physical, and optical properties. In this work, we demonstrate a graphene based biosensor to

electrically detect E. coli bacteria with high sensitivity and specificity. The large-sized graphene film was

grown by chemical vapor deposition and functionalized with anti-E. coli antibodies and passivation

layer. Significant conductance increase of the graphene device was observed after exposure to E. coli

bacteria at a concentration as low as 10 cfu/mL, while no significant response was triggered by high

concentration of the another bacterial strain. In addition, this biosensor was employed to detect the

glucose induced metabolic activities of the bound E. coli bacteria in real time. This simple, fast,

sensitive, and label-free nanoelectronic biosensor, in principle, could serve as a high throughput

platform for detection of any pathogenic bacteria, and for functional studies or screening of

antibacterial drugs.
Introduction

In the past decade, nanostructured materials have brought great

opportunities for biosensing owing to their unique electrical,

physical, and optical properties. Especially, various novel

nanoelectronic biosensors have been developed based on nano-

wires,1–5 carbon nanotubes,6–10 and very recently graphene.11–13

Single-walled carbon nanotubes14 configured as field-effect

transistors (FETs) have recently been used to detect the presence

of bacteria. Vallamizar et al. have developed a SWCNT-network

FET to detect S. infantis with a sensitivity of 100 cfu/mL.15 So

and colleagues reported a bacteria biosensor based on aptamer-

functionalized SWCNT-network FET, which could detect

103 cfu/mL E. coli.16 Mulchandani and co-workers have

demonstrated SWCNT-network based biosensors to electrically

detect human pathogen E. coli O157 : H7 and bacteriophage T7

with a detection limit of 103 cfu/mL and 103 pfu/mL, respec-

tively.17 In comparison with the current methods (specifically, the

traditional culturing and colony counting method, the poly-

merase chain reaction method, and the enzyme-linked immu-

nosorbant assay) which are tedious and time consuming
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(typically taking hours to days), the nanoelectronic approach

offers rapid and sensitive measurement.

The recently discovered flat cousin of SWCNT, graphene,

which is a single-atom-thick sheet of carbon atoms arranged in

a honeycomb structure, has been anticipated as a novel or better

alternative to SWCNT in both electrochemical18,19 and elec-

tronic20 biosensing, owing to its extraordinary structural, elec-

trical, physical, optical and biocompatible properties.14,21–23 For

example, its perfect two-dimensional (2D) structure provides

large detection area and enables facile and homogeneous func-

tionalization. And the exceptional electrical properties of gra-

phene (such as, high charge mobility and capacity, highly tunable

conductance) endow it as an ideal sensing element in electronic

sensors.24,25 Nanoelectronic biosensors based on graphene have

been used for detecting gas molecules,26,27 metal ions,28 and

various biomolecules including DNA,29,30 glucose,31 and

proteins.12,32,33 Mohanty and Berry have presented a FET-sensor

with a small patch (a few micrometres) of chemically derived

graphene sheet as the sensing element, which is able to detect

binding of single bacterium (Gram-positive Bacillus cereus).11

Although this proof-of-concept study demonstrates the impres-

sive ability of graphene FET for bacteria detection, it is not

practical because the detection relied on non-specific electrostatic

adhesion of bacteria without discrimination of bacterial species

and the measurement was conducted in dry nitrogen atmosphere.

Here, we demonstrate a nanoelectronic sensor based on anti-

body-modified chemical-vapor-deposition-grown large-sized

graphene to detect bacteria (E. coli) with high sensitivity

(10 cfu/mL) and specificity. Furthermore, the glucose triggered

metabolic activities of bacteria can be detected in real-time. Such
This journal is ª The Royal Society of Chemistry 2011
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simple nanoelectronic biosensor could be useful for rapid and

label-free detection of bacteria, high throughput assay of their

metabolic activities, and high throughput screening of antibac-

terial drugs.
Experimental

Growth of graphene film and characterizations

Large-sized graphene films were grown on copper foils (Alfa

Aestar) by chemical vapor deposition (CVD) using ethanol as the

carbon source. Copper foils were loaded into a quartz tubular

furnace, which was then purged with pure Ar (1000 sccm) for 10

min. After raising the furnace temperature to 900 �C, the CVD

growth of graphene was started by directing H2/Ar gas mixture

(20% H2; 40 sccm) with ethanol vapor into the furnace at 900 �C.
The growth continued for about 30 min, followed by cooling

down under the H2/Ar atmosphere.

The morphology of the graphene surface was characterized

with tapping mode atomic force microscopy (AFM) (Dimen-

sion3100, Veeco). Raman spectra were obtained with confocal

Raman microscopy using a laser wavelength of 488 nm (WITec

CRM200).
Fabrication of graphene device

The as-grown graphene film on copper foil was spin-coated with

a thin layer of poly-methyl methacrylate (PMMA) dissolved in

chlorobenzene, followed by annealing at 180 �C for 1 min. The

PMMA/graphene films were then released from the copper foil

by chemical etching of the underlying Cu in an iron chloride

solution. The suspended film was transferred to DI water to

remove the residual copper etchant and then picked up by the

substrate. After the PMMA film was dissolved by acetone, the

sample was rinsed with copious DI water and annealed at 450 �C
for 20 min (H2/Ar atmosphere). Two electrodes (source and

drain) were subsequently prepared cross the graphene film (�2�
4 mm2) using silver conductive paint (RS Component). Finally,

silicone rubber (Dow Corning) was used to insulate the elec-

trodes and form the recording chamber.
Functionalization of graphene device

Graphene device was incubated with 5 mM linker molecule

(1-pyrenebutanoic acid succinimidyl ester, i-DNA Biotech-

nology) in dimethylformamide (DMF) for 2 h at room temper-

ature, and washed with pure DMF and DI water. The

linker-modified graphene was then incubated with 50 ppm anti-

E. coli O & K antibody (i-DNA Biotechnology) in

Na2CO3-NaHCO3 buffer solution (pH 9.0) overnight at 4 �C,
followed by rinsing with DI water and phosphate buffered saline

solution (PBS). Then, the device was incubated with 0.1 M

ethanolamine (pH 9.0) for 1 h to quench the unreacted succini-

midyl ester group on linker molecules, followed by 1 h incubation

with 0.1% Tween 20 to passivate uncoated graphene area.
Fig. 1 (A) Raman map and spectrum of graphene film. The map is

constructed by plotting the peak width at half height of the 2D-band as

the pixel intensity. Scale bar ¼ 0.8 mm. (B) AFM image of the graphene

film. Scale bar ¼ 500 nm.
Preparation of bacteria

E. coli K12 ER2925 purchased from New England Biolab was

cultured overnight in Luria Bertani (LB) medium at 37 �C. The
This journal is ª The Royal Society of Chemistry 2011
harvested E. coli solution with addition of 30% glycerol was

stored at�80 �C as the stock. The density of the E. coli stock was

determined to be 107 cfu/mL using culturing and colony counting

method. The stock was diluted in PBS solution (pH 7.2) to

produce the desired final concentration of E. coli for experi-

ments. Another type of bacteria (P. aeruginosa) was similarly

prepared for control experiments.

Electrical measurements

All measurements were conducted under ambient conditions

using a semiconductor device analyzer (Agilent, B1500A). The

graphene device was biased at 100 mV, and the gate voltage was

applied via an Ag/AgCl electrode immersed in the PBS solution

on top of the graphene.

Results and discussion

Large-sized graphene films were grown on copper foils at 900 �C
by chemical vapor deposition (CVD) using ethanol as the carbon

source. After being transferred onto the Si/SiO2 substrate, gra-

phene films were characterized by Raman spectroscopy. Fig. 1A

depicts the 2 dimensional Raman map of a graphene film con-

structed by plotting the peak width at half height of the 2D band

in the Raman spectrum. The brighter islands in the Raman map

indicate the few-layered regions while the rest is single-layered

graphene. The Raman spectrum taken at a darker spot (indicated

by a circle in the Raman map) exhibits the characteristic spec-

trum of single-layered graphene with a sharp 2D peak and a ratio

between 2D and G band (I2D/IG) of �4.0 (solid trace in

Fig. 1A).34 In contrast, the spectrum in a brighter spot (indicated

by a square) exhibits an attenuated 2D band and a low I2D/IG
(�0.5), indicating its few-layered structure (dotted trace). As

observed, the graphene film is continuous, uniform, and domi-

nantly single-layered. Fig. 1B presents a typical AFM image of

graphene film. Some wrinkles are observed in the AFM image,

which may be formed during the cooling stage due to the

difference in the thermal expansion coefficients between the

metal foil and the graphene film.35 Also, some impurities (white

dots) are seen in the AFM image, which are likely the remains of

PMMA resulted from the transfer process.

Graphene transistor devices were fabricated on quartz

substrate as described in the experimental. To specifically detect

bacteria E. coli, anti-E. coli antibodies were first immobilized
J. Mater. Chem., 2011, 21, 12358–12362 | 12359
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Fig. 3 Transfer curves of graphene FET in buffer solutions with

different pH values (pH 3, 5, 7, 9 and 11). Vds ¼ 100 mV; Vg ¼ 0 V. Inset:

Dirac point of graphene device over pH values. Each data point is the

average from 3 devices. The error bars indicate the standard errors.
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onto graphene film via the linker molecules (1-pyrenebutanoic

acid succinimidyl ester) whose pyrene group at one end binds to

the graphene surface through strong pi-pi interaction and the

succinimidyl ester group at the other end covalently reacts with

the amino group on the antibody (Fig. 2A). To prevent non-

specific binding, ethanolamine was applied to quench the

unreacted succinimidyl esters on the linker molecules and Tween

20 was used to passivate the uncoated graphene area. The inset of

Fig. 2A shows an E. coli attached onto the antibody function-

alized graphene film. As seen from Fig. 2B, the CVD-grown

graphene exhibited the characteristic ambipolar field-effect and

each functionalization step led to shift in the transfer curve

(drain-source current Ids versus the solution-gate voltage Vg).

The graphene sensor was incubated with 105 cfu/mL of E. coli

to determine kinetics of bacteria binding and the device response.

As shown in Fig. 3, the graphene conductance increases with time

due to gradual increase in the number of E. coli caught by the

antibodies on the graphene film. As the graphene FET was

operated at the p-type region (Vg¼ 0 V), the increase in graphene

conductance is due to increased hole density induced by the

highly negatively charged bacterial wall. This is consistent with

the previous report.11 The device response reached the maximum

in about 1 h due to saturation of bacteria binding (Fig. 3 inset).

The kinetic time constant of bacteria binding (time-dependent

device response) was about 10 min. In all subsequent experi-

ments, we used 30 min incubation time which allows the device to

achieve 95% of the maximum response. In control experiments,

1 h incubation of 105 cfu/mL of E. coli did not cause any
Fig. 2 A) Illustration of anti-E. coli antibody functionalized graphene-

FET for detection of E. coli. Inset: Scanning electron microscopy (SEM)

image of an E. coli on antibody functionalized graphene. B) Transfer

curves of a graphene FET before functionalization and after function-

alizing sequentially with linker molecules, anti-E. coli antibodies, etha-

nolamine and Tween 20. Vds ¼ 100 mV.

12360 | J. Mater. Chem., 2011, 21, 12358–12362
appreciable conductance change in the devices modified only

with linker molecules, ethanolamine and Tween 20, suggesting

the essential role of anti-E. coli antibodies in the detection.

The functionalized graphene devices were incubated with

different concentrations of E. coli for 30 min, rinsed thoroughly

with PBS solution, and electrically characterized by measuring

the Ids–Vds (IV) characteristics while the solution-gate voltage Vg

was held at 0 V. Fig. 4A shows the IV curves of a graphene device

before and after exposure to E. coli at a concentration from 0 to

105 cfu/mL. The increase in graphene conductance positively
Fig. 4 A) Ids versus Vds curves of anti-E. coli antibody functionalized

graphene device after incubated with E. coli of different concentrations.

Vg ¼ 0 V. B) Ids versus Vds curves of antibody functionalized graphene

device before and after incubated with P. aeruginosa and E. coli (both

105 cfu/mL). Vg ¼ 0 V. C) Percentage change of graphene conductance

caused by P. aeruginosa (triangle) and E. coli (circles) of different

concentrations. Each data point is the average from 6 devices. The error

bars indicate the standard errors. D) Transfer curves of antibody func-

tionalized graphene FET before and after incubation with E. coli

(100 cfu/mL). Vds ¼ 100 mV.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 Real-time current recording (Vds ¼ 100 mV and Vg ¼ 0 V) of

a graphene device immobilized with E. coli bacteria (incubated with

105 cfu/mL E. coli for 30 min followed by rinsing), with application of

glucose to the PBS recording buffer at the indicated time points to reach

the final concentrations of 0.5, 1, 1.5, and 2 mM. Lower inset: bacteria

free graphene sensor was not responsive to glucose. Upper inset:

Percentage change in graphene conductance versus glucose concentra-

tion. Each data point is the average from 3 devices. The error bars

indicate the standard errors.
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scaled with the concentration of bacteria. In comparison,

105 cfu/mL P. aeruginosa did not cause significant response of

anti-E. coli antibody functionalized graphene FET, indicating

the high specificity of detection (Fig. 4B). The specificity is

attributable to the fact that other bacterial strains are not able to

bind with the anti-E. coli antibodies functionalized on the gra-

phene, and non-specific binding to the graphene surface is pre-

vented by Tween-20 passivation. The statistics of the percentage

increase in graphene conductance caused by different concen-

trations of bacteria is shown in Fig. 4C. As seen, E. coli with

a concentration as low as 10 cfu/mL can be ambiguously detec-

ted. This is several orders lower than the previously reported

methods using SWCNT-network FETs,15–17 polymerase chain

reaction,36 surface plasmon resonance.37 Specifically, 10 cfu/mL

caused 3.25 � 0.43% increase in graphene conductance (n ¼
6 devices) which corresponds to a current increase of�1.17 mA at

Vds ¼ 0.2 V (significantly higher than the current noise of

0.02 mA). In contrast, high concentration of P. aeruginosa (105

cfu/mL) only produced 1.02 � 0.81% increase (n ¼ 6 devices).

The transfer curves of graphene device measured before and after

incubation with E. coli (shown in Fig. 4D) indicate the obvious

right-shift of the Dirac point and a conductance increase at Vg ¼
0 V, agreeing with the notion that the negatively charged bacteria

increase the hole density in graphene.

It is known that glucose metabolism in bacteria leads to

extracellular environment due to release of organic acids (e.g.

pyruvic, citric, and lactic acid).38 We hypothesized that the

discharge of organic acids into the nano-gap between the gra-

phene and the interfacing bacterial surface would alter the local

pH and consequently the graphene conductance. Firstly, we

verified that our graphene device is indeed highly sensitive to pH

(Fig. 5). Decrease in pH reduces the graphene conductance. This

is consistent with the previous report on single-layer graphene.39

Anti-E. coli antibody functionalized graphene FET was incu-

bated with E. coli suspension (105 cfu/mL) for 30 min, followed

by PBS rinse. As anticipated, a decrease of Ids was observed when

glucose was added to the recording chamber (Fig. 6). The
Fig. 5 A) Real-time current of graphene device while changing solutions

with different pH values (pH 3, 5, 7, 9 and 11). Vds ¼ 100 mV; Vg ¼ 0 V.

Inset: Percentage change of graphene conductance over pH values. Each

data point is the average from 3 devices. The error bars indicate the

standard errors. B) Transfer curves of graphene FET in buffer solutions

with different pH values (pH 3, 5, 7, 9 and 11). Vds ¼ 100 mV; Vg ¼ 0 V.

Inset: Dirac point of graphene device over pH values. Each data point is

the average from 3 devices. The error bars indicate the standard errors.

This journal is ª The Royal Society of Chemistry 2011
magnitude of device response is proportional to the glucose

concentration (Fig. 6 upper inset) and glucose was not able to

trigger any response from a graphene device without bacteria

(Fig. 6 lower inset). These observations suggest that the observed

signals resulted from the glucose-induced bacterial metabolism.

Conclusions

In summary, we have developed a fast, label-free, highly sensitive

and selective graphene-based biosensor for detection of bacteria

E. coli. A low detection limit of 10 cfu/mL can be achieved.

Equipped with specific recognition elements, other pathogens

may be similarly detected for diagnosis and food or environ-

mental monitoring.

Nanoelectronic biosensors based on one-dimensional semi-

conducting nanomaterials40,41 have been interfaced with

mammalian cells to detect their dynamic activities.42–45 Here, we

demonstrated that nanoelectronic sensors based on two-dimen-

sional graphene can be used to detect the metabolic activities of

bacteria in real time, providing a high throughput platform for

functional studies or for screening of antibacterial drugs.
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