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ABSTRACT: By interfacing the quantum mechanical properties of
nanomaterials with the complex processes in biology, several bio/nano
systems have evolved with applications in biosensors, cellular devices,
drug delivery, and biophotoluminescence. One recent breakthrough has
been the application of graphene, a two-dimensional (2-D) sheet of sp2
hybridized carbon atoms arranged in a honeycomb lattice, as a sensitive
platform for interfacing with biological cells to detect intra- and
extracellular phenomena, including cellular excretion and cell membrane’s potential modulation. In this Perspective, we discuss the recent
results on graphene/cell interfacial devices and the principles deﬁning
the modulation of charge-carrier properties in graphene and its
derivatives via interaction with cellular membranes. Graphene’s high
sensitivity in these applications evolves from the π-carrier cloud conﬁned
within an atom-thick layer, quantum-capacitance-induced doping
enhancement, closely spaced electronic bands, and a large surface area. We discuss the eﬀect of the electronegativity of the
cell wall and the dynamic changes in its chemical potential on doping speciﬁc carriers into graphene. Finally, we discuss the
challenges and opportunities of graphene-interfaced biocellular systems.
In comparison to 0-D nanoparticles1,2 and 1-D nanowires,3−5
including their 2-D networks,6 the 2-D graphene sheets possess
a large and continuous sensing/interfacing area.2 Therefore,
graphene can provide a stable interface for microbes and
mammalian cells, which too have large surface area (Figure 1).

S

ince the 1990s, several studies have originated on
interfacing nanomaterials with biocomponents, with the
goal of detecting biocomponents or biological phenomena.1−6
Until 2004, the research community was primarily applying
zero-dimensional (0-D) and one-dimensional (1-D) nanomaterials (semiconducting nanoparticles, silicon nanowires),
which are excellent for interfacing with biomolecules (DNA,
proteins) and nanoscale biocomponents (viral particles, lipid
micelles). These interfaces have led to the development of
valuable tools and devices for biodiagnostics and biomedicine.1,3,4,5 The 2004 experiments on graphene7 led to the evolution of 2-D nanotechnology. Owing to a unique combination of
its crystallographic and electronic structure,8 graphene exhibits
several superior and atypical properties, including weakly scattered (λscattering > 300 nm) ballistic transport of its charge
carriers at room temperature,7,9,10 gate-tunable band gap in
bilayers,11 a chemically12,13 and geometrically14 controllable
band gap, quantum Hall eﬀect at room temperature,15,16 quantum
interference,17 exceptional mechanical strength,18 and megahertz characteristic frequency.19 Due to these properties,
graphene has emerged as an attractive candidate for several
unique applications, including ultrafast nanoelectronic devices,8,10 single-molecule detectors,20 ultracapacitors,21 optoelectronics,22 and nanomechanical devices.19,23

Figure 1. A generalized schematic for a graphene device interfaced
with a biological cell.

Although several impedance-modulation mechanisms have
been developed for cellular detection, these have primarily focused
on the change in conduction through the cells. By interfacing with the cell, graphene provides an avenue to (a) change
its own carrier properties via events on the cell wall,
(b) interface strongly with the cell and interact with the cell
wall by large surface area, (c) enable single-cell studies, and
(d) maintain the cell’s viability during measurements.24 The
mechanism of the graphene/cell detection systems is based on
carrier doping via the cell wall’s electronegativity or dipole
moment. Graphene’s interface with the cell is via the cell wall or

Graphene provides a sensitive
platform for interfacing with
biological cells to detect intraand extracellular phenomena.
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the cell membrane. Therefore, the cell’s internal bioactivity’s
inﬂuence on the processes occurring on the cell membrane will
stimulate the interfaced graphene device. For example, processes that can occur on the cell membrane include diﬀusion,
osmosis, mediated transport, molecular engulﬁng, vesicle
extrusion, ion channel conduction, and cell polarization (for
example, in neuron cells). These processes will change the local
dipole moment or apply a direct potential on the interfaced
graphene.

The mechanism of the graphene/
cell detection systems is based on
carrier doping via the cell wall’s
electronegativity or dipole
moment

Figure 2. The conductivity of the p-type GA device increases upon
attachment of a single bacterial cell on the surface of GA (top inset).
Further, the cells are alive when attached. The bacteria on graphene
were found to sustain the current and did not die, while the bacteria on
the gold electrode died.24

groups on bacterium and (b) the additional holes being
conﬁned within the few-atom-thick conductive nanostructure
(high surface to volume ratio), thus exhibiting a sensitive
response. The hole density increase due to the bacterium
attachment on GA was 3.53 × 1010 cm−2 (R1|GA = 10.85 ± 0.51
MΩ, R2|Bacteria = 6.3 ± 0.4 MΩ). This corresponds to a
generation of ∼1400 holes per bacterium in the GA. The
electrical measurements did not have any visible eﬀect on the
integrity of the bacterium’s structure as against the CNT
network devices.6 The results showed a proof-of-concept of a
highly sensitive graphene-based biodiagnostic tool with singlebacterium resolution.
In 2010, Zhang and Chen28 demonstrated that reduced
graphene oxide (RGO) devices can be applied for detection of
cellular secretion. In this device, live neuroendocrine PC12 cells
were cultured directly on top of a poly-L-lysine-coated RGO
transistor. This was followed by triggering the vesicular
secretion of catecholamine molecules (dopamine, epinephrine,
and norepinephrine). Here, the high K+ solution was
introduced into the recording chamber, which depolarized the
cell membrane and allowed Ca2+ inﬂux through the Ca2+
channels on the cell membrane. The change in the potential
of the cellular membrane interfaced with the underlying RGO
subsequently induced a device response shown by current
spikes in the device (Figure 3). This was attributed to the
vesicular release of catecholamines from a single PC12 cells.
Here, the base RGO, a p-type semiconductor, is hole-doped via
the electronegative catecholamine, thus undergoing an increase
in conductivity. Further, the spike could be a result of catecholamine escaping into the solution. This study showed that a
graphene-based ﬁeld eﬀect transistor (FET) can be highly sensitive to the dynamic cellular bioactivities atop graphenic surface.
While this ﬁeld was developing, Lieber and Fang et al.29 showed
that graphene devices can also be used to detect the change in
the electrical potential (or “beating”) of the cardiomyocyte cells
(Figure 4). Here, the graphene FET device was interfaced with
embryonic chicken cardiomyocytes (Figure 4, left B) cultured
under optimized conditions on thin poly(dimethylsiloxane)
(PDMS) sheets and transferred over the device via an x−y−z
manipulator. This brought a spontaneously beating cell into
direct contact with the graphene sheet (Figure 4, right B). The
cardiomyocyte cell atop an active graphene device exhibited
regulated change in cell potential, which led to an ordered
modulation of graphene’s electrical properties, with the highconductivity peaks spaced with a frequency of 1.1 Hz and a
signal-to-noise of >4. The high signal-to-noise ratio was

The attributes that enhance the sensitivity of graphene
include the following: (a) Quantum capacitance: The quantumcoupling of the cell wall with graphene enhances the eﬀective
electric ﬁeld due to the dipole moment of the interfacing cell
wall.25 The quantum capacitance of graphene is given by Cq =
4eπ1/2/hϑF(nl + ng)1/2, where e is the electron charge, h is
Planck's constant, ϑF is the Fermi velocity of the Dirac electron,
and ng and nl are the carrier concentrations from the gate
potential and the intrinsic carrier concentration of graphene,
respectively. The eﬀective gating potential (ΔVG), therefore,
translates from a change in dipole voltage (ΔV) of the cell wall
to ΔVG = (Cq/Ctot)ΔV, which is much higher than ΔV. Here,
Ctot = (Cq−1 + Cg−1)−1, and Cg is the gate capacitance.
(b) Conﬁned doping: The change in the carrier concentration
of graphene due to the change in the chemical potential of the
cell wall is ampliﬁed as a result of the conﬁnement of the doped
carriers within graphene’s ultrathin structure. (c) High charge
mobility: Graphene sheets have a high carrier mobility, which
ampliﬁes the detection signal. (d) Surface area: Because
graphene is a 2-D material, its surface conforms well along
the cell wall. This enhances the sensitivity and the conductivity
of the sensor. (e) Functionalization: Graphene can be functionalized with cell-wall-compatible biomolecules to further
strengthen the interface with the cell. However, more work is
required to ensure that graphene’s characteristics are not altered as
a result of its functionalization. The consortium of these properties
makes it an ideal candidate for cellular detection.
In 2008, our group fabricated and studied bacteria-interfaced
graphenic devices (see Figure 2).24 Here, the bacterial cells
were detected on amine-functionalized graphene (GA), synthesized by diaminization of the immobilized graphene oxide
(GO) sheets to produce chemically modiﬁed graphene (CMG).
The device consisted of the GA deposited on a silica substrate
and spanning two gold electrodes. The study was conducted for
Gram positive Bacillus cereus cells possessing highly negatively
charged surface due to the polyteichoic acid molecules on their
cell wall.26,27 These negatively charged bacterial cells were
electrostatically assembled on a positively charged GA sheet.26
Due to the multipoint electrostatic interfacing, the deposited
bacteria illustrated a strong binding with GA and did not detach
from the surface when washed with DI water at room temperature.
The binding of a single bacterium on the GA device exhibited
a sharp 42% increase in conductivity. This is attributed to (a)
the doping of a high density of holes on the p-type GA via its
interfacing with the highly electronegative polyteichoic acid
1025
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Figure 3. (A) Optical image of PC12 cells grown conﬂuently on a poly-L-lysine-coated RGO device. (B) Schematic illustration of the interface
between a PC12 cell and a RGO FET. (C) Real-time response of RGO to the vesicular secretion of catecholamines from PC12 cells stimulated by
high K+ solution. Vds = 100 mV, Vg = 0 V. The drain and source electrodes are 1 cm apart.28

Figure 4. (Left) (A) Schematic of the graphene chip design. (B) Representation of the cardiomyocyte cell interfaced to typical graphene devices.
(Right) (A) Temporal response of the graphene device at diﬀerent water gate potentials (blue, green, and red traces are at +0.05, +0.10, and +0.15 V,
respectively). The corresponding sensitivities are 2020, 398, and 2290 μS/V, respectively. (B) Representative expanded peaks. Blue represents p-type
graphene polarity, red peaks represent n-type graphene polarity, and the green peak was recorded near the Dirac point.29

media used to grow the cells. This study clearly shows the
superiority of graphene for cellular-interfaced sensing devices
with applications in neuroprosthetic devices and recording
electrogenics activity.
In these graphene/cell devices, the generalized mechanism of
modulation of graphene’s carrier properties due to cell
interfacing follows ﬁve steps. (I) The cell wall of the cellular
entity interfaces with graphene, leading to a change in the local
dipoles around graphene, which generates a change in the
surface potential. A further change in the local dipoles can be
caused by a change in the cell wall chemistry or potential due to
cellular biophysical phenomena. (II) The eﬀective gating
potential due to this change is ampliﬁed via the quantum
capacitance of graphene (ΔVG = (Cq/Ctot)ΔV), as mentioned
earlier. (III) The density of carriers in graphene is modulated as
a response (doping). The semimetallic nature of graphene
enables direct interface-dipole-induced doping of the carriers.15,31
(IV) The conﬁnement of the π-carriers within a few atoms7
ensures that the change in the interfacial potential directly and
eﬃciently modulates graphene’s carrier density. This is because
the modulation of the number of charge carriers is not distributed over a large thickness (or volume). (V) The transport of
the carriers occurs. The π-orbitals in graphene are atop its
lattice plane; thus, the carriers experience low scattering,

attributed to the large interfacial area between graphene and
the cell. Further, the magnitude of the conductance peak was
also controlled by varying the gate voltage (Vwg). This device
operation clearly showed that graphene is excellent for
interfacing with mammalian cells and is sensitive to the
electrogenics or the biochemical activity of the interfaced cell.
This reinforces the impact of quantum-capacitance-induced
enhancement of eﬀective gating from the cell wall for these
applications.
In addition, Hess and Garrido extended the above work by using
large-area graphene grown by chemical vapor deposition (CVD).30
Here, the graphene device (Figure 5, top) could detect the
electronic activity of the electrogenic cells29 more sensitively
due to the higher charge carrier mobility and chemical stability
of CVD graphene. In the fabricated device, cardiomyocyte-like
HL-1 cells were cultured live directly on an array of graphenebased solution-gated transistors (G-SGFET). Here, the gate
voltage was applied via electrolyte, thus controlling the Fermi
level of graphene and changing the conductance across the
device. The propagation of the surface potentials (action
potential) across the cells exhibited the gate voltage spike signal
of 900 μV and a signal-to-noise ratio of 70. Furthermore, the
frequency of the voltage spikes was modulated by controlling
the amount of ﬁght-or-ﬂight hormone, norepinephrine, in the
1026
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convert the sp2 hybridization state of the carbon atoms in
graphene, can have signiﬁcant impact on the cell-interfaced
graphene devices. Traditional routes like Hummers method
based oxidation, plasma-induced functionalization, and nanoparticle incorporation lead to signiﬁcant sp3 hybridization,
reduction in π-carrier density, and introduction of scattering
sites. An alternative route for nondestructive functionalization
of graphene is π−π interfacing. Here, π−π bonded molecules
on graphene do not disturb the sp2 hybridization state of the
carbon atoms on graphene, such that the high mobility of
graphene is retained. Therefore, more eﬀorts are required
toward functionalizing graphene via π−π bonds to enhance the
speciﬁcity and interfacial strength in graphene’s biocellular
device applications.

While the chemical modiﬁcation
is expected for improved
speciﬁcity, structural
modiﬁcation of graphene can
further improve its sensitivity.
While the chemical modiﬁcation is expected to improve
speciﬁcity, structural modiﬁcation of graphene can further
enhance its sensitivity. For example, the opening up of a band
gap with electrical gating in bilayer graphene11 makes it a more
sensitive system than single-layer graphene for bioelectronic
sensors. It is expected that cellular interfaces with bilayer
graphene will be able to detect lower-order signals more
eﬀectively via bioelectrical gating. This is expected to improve
the signal-to-noise ratio in the detection of electrogenic activity
of cardiomyocytes. Further, thin ﬁlms of graphene nanoribbons
(GNRs) will also provide an important opportunity for
biointerfacing, where the band gap of GNRs can enhance the
detection sensitivity. Here, the band gap due to quantum
conﬁnement will produce a barrier for the carriers, which will
further increase the sensitivity of the device. Similarly, graphene
with punched holes (or graphene nanomesh33) can also be
used as a sensitive graphenic substrate with a band gap for
biocellular interfacing and detection. Graphene nanomesh can
be fabricated via transferring the ﬁlm morphology of block
copolymers on graphene via lithography.
Because graphene can strongly interface with cells, another
opportunity that graphene/cell interfaces provides is production of
energy from electrochemically active cells. For example, geobacter
is a family of bacteria, which produces protons on its cell wall as a
byproduct of metabolism.34 These geobacter cells have been used
to produce power in several biobattery devices.34 It is expected
that the large area interfacing with these cells will enhance the
eﬃciency of the battery. Graphene can provide a signiﬁcantly
enhanced interface to these cells to draw electricity eﬀectively.
However, this will require dopant engineering to achieve high
charge separation with low recombination probability.
Further, the following sensor studies are required for further
characterization of these graphene biocellular devices: (i)
Speciﬁcity has to be evaluated by the F measure (F = [(1 + β2)(Pr × Re)]/(β2Pr + Re), where β, Pr, and Re are the F
parameter, precision, and recall, respectively). (ii) Device
resolution: The device resolution can be measured via simultaneous signal acquisition while incrementally increasing the
intensity of the interfacial event. The event detection resolution measures the smallest unit deﬁning the interfacial event,

Figure 5. (Top) (a) Optical micrograph of a transistor array. Scale bar =
100 m. (b,c) Current recordings of eight transistors in one FET
array. (d) Exemplary single spikes with current response converted to
extracellular voltage signal. The upper spike resembles a capacitive
coupling followed by the opening of voltage-gated sodium channels,
whereas in the bottom one, the ion channels dominate over the
capacitive coupling. Reproduced with permission of Wiley-VCH,
copyright 2011.29 (Bottom) Graphene lattice structure: sp2 hybridized
carbon atoms arranged in a 2D honeycomb lattice.

exhibiting high mobility. Therefore, a highly ampliﬁed sensor
signal (ΔI/VDS ∝ nAμ) is realized, which enables sensitive
detection of the interfacial event. (VI) At the molecular scale,
the interfacial event on graphene’s surface can also introduce
scattering sites and/or electrically gate the carriers on
graphene,24 which can also modulate its electrical properties.
The change in carrier density (Δq) can be measured by the
diﬀerence in the resistivity before and after the interfacial event.
μCarrier = (ΔIDS/ΔVG)/(C(l /w)VDS)

Δq = (R 2−1 − R1−1)/((l /w)μCarrier)

Δq = C ΔVDirac

We opinionate that the current major challenge in the advancement of graphene biocellular devices is graphene’s functionalization with speciﬁc bioanchors without altering its electrical
properties. Functionalization is important for two reasons, (a) it
adds speciﬁcity to the event being detected, which enhances the
magnitude of the desired signal, and (b) it improves the
interface between the cell and graphene. Our group has recently
shown that graphene functionalized with concanavalin, a pectin
protein with high speciﬁc aﬃnity to the bacterial cell wall
(Gram positive), can cause it to hermetically wrap bacterial
cells.32 The functionalization dramatically improved graphene’s
interaction with the cell wall. Here, the graphenic wrapping acts
as an impermeable electron transparent encasement, allowing
real wet imaging of the cells. However, this functionalization
process converts the sp2 hybridized state of the carbon atoms to
sp3 and thus reduces its carrier mobility and sensitivity. This
implies that a nondestructive functionalization, which does not
1027
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which can produce a discernible change in the signal. (iii)
Temperature eﬀects: The eﬀect of temperature on the event
detection characteristics also needs to be studied for these
devices.
In summary, this Perspective article outlines the recent
developments in graphene-based biocellular devices and
discusses the electrical and structural characteristics of
graphene, which are leveraged in biosensing and biointerfacial
applications. We outline a generalized mechanism of graphenebased cellular devices and identify the lack of speciﬁcity as the
major bottleneck in the development of this ﬁeld. Further, the
sensitivity of the devices can be improved by using graphene
bilayers, graphene nanoribbon ﬁlms, or graphene nanomeshbased platforms. We envision that cell-interfaced graphene
devices can open avenues for biocellular batteries (geobacter),
biodiagnostics and single-cell analysis.

The sensitivity of graphene-based
biocellular devices can be
improved by using graphene
bilayers, graphene nanoribbon
ﬁlms, or graphene
nanomesh-based platforms.
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