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Abstract—In this paper, we present a successful demonstra-
tion of a graphene-based field-effect-transistor-like electrochem-
ical nanobiosensor to accurately detect ultralow concentrations
of adenosine monophosphate (AMP). Graphene being a two-
dimensional material is a suitable option as a sensing element
due to its biocompatibility and large surface area. It has also
demonstrated surface binding chemistries as well as its ability to
serve as a conducting channel. A short 20-base deoxyribonucleic
acid (DNA) aptamer is used as the sensing element to ensure
that the interaction between the analyte and the aptamer oc-
curs within the Debye length of the electrolyte. The sensor is
found to be nonlinear in nature and sensitive in the picomo-
lar (pM) and nanomolar (nM) concentrations of AMP. The lin-
ear region of operation is found to be 1 nM–100 µM and per-
centage change in drain current in this concentration region
is calculated as 1.56%/decade. A minimum concentration of
10 pM of AMP has been detected using this type of sensor.

Index Terms—Adenosine monophosphate (AMP), DNA
aptamer, electrochemical-DNA sensor, graphene ion sensitive FET,
Nanosensors.

I. INTRODUCTION

ADENOSINE monophosphate (AMP) is one of the most
important compounds in the human body and is created

as a metabolic byproduct. AMP, or to be precise cyclic AMP, is
responsible for activating the protein kinase A which has a key
role in hormonal function and gene transcription. Adenylate
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kinase and downstream AMP signaling are an integrated
metabolic monitoring system which reads the cellular energy
state in order to tune and report signals to metabolic sensors
[1]. functions including body energy sensing, sleep, hibernation
and Metabolic analyses indicate that cellular, interstitial and
blood AMP levels are potential metabolic signals associated
with vital food intake. Either low or excess AMP signaling has
been linked to human diseases such as diabetes, obesity and hy-
pertrophic cardiomyopathy [1]. AMP-activated protein kinase
(AMP-K) regulates mitochondrial biogenesis and disposal, au-
tophagy, i.e., self-destruction of cell, cell polarity, cell growth
and proliferation. Bacteria and viruses downregulate AMP-K to
make the cell vulnerable towards uncontrollable growth which
might turn malignant [2]. The ocular AMP level in Diabetic
Retinopathy patients shows a variation of 600 nM [3] and blood
cyclic AMP level changes by ∼ 4 nM in fasting condition [4].
Hence, detection of AMP is a very important task.

There are various detection methods for AMP already re-
ported such as the chronocoulometric method [5], fluorescent
and magnetic nano-silica sandwich which uses the principle of
fluorescence spectroscopy [6], a biochemical method utilizing
conversion of AMP to ATP [7] and micro gravimetric [8]. In this
article, we report the detection of AMP using deoxyribonucleic
acid (DNA) aptamer and graphene FET based sensing. The sen-
sor used is a liquid gate field effect transistor (FET)-like structure
which uses graphene as the channel material and aptamers as
a channel property controller. Due to an unprecedented growth
in the areas of device fabrication and processing, researchers
have been able to successfully fabricate and test devices in the
nanoscale regime with high precision and reliability which are
comparable in size with biological structures and have paved the
way in their integration. Researchers have tried to use FETs as
the basis for real time bio-sensing and label-free detection, low
detection limits and simple integration using microelectronic
fabrication techniques [9]. Potential applications, developments
and impact of integrated biological-semiconductor devices has
been discussed by Stroscio et al. [10]. In our experiments we
have used liquid gated FET which contains a silver/silver chlo-
ride microelectrode gate unlike traditional metal oxide semicon-
ductor gate FET transistor.

Aptamers are single-stranded DNA or ribonucleic acid (RNA)
(ssDNA or ssRNA) molecules, which can bind to pre-selected
targets including proteins, peptides, and ions with high affinity
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and specificity. The adenosine-5’-monophosphate (AMP) DNA
aptamer was first reported by Huizenga et al. in 1995 [17]. This
aptamer was investigated for functional adenosine binding se-
quences in which the guanosine-rich region forms G-quartet to
capture AMP molecules. The AMP binds to the DNA aptamer
via H-bonds formed between adenosine residues of AMP [17],
[18] and the nucleotides of DNA. In the presence of the afore-
mentioned groups, the highest binding affinity can be observed.
Recently, aptamers as a new class of recognition components
have attracted tremendous attention and emerged as a promis-
ing alternative to conventional recognition elements analogous
to antibodies [19]. Since the concept of aptamer was introduced
[20], [21], numerous aptamers have been reported, which could
specifically bind to various target ligands such as small organic
molecules, metal ions, proteins and cells [19].

In recent years, there has been an increasing trend of aptamer-
based bio-sensing using 1D and 2D nanomaterials as channel
components. Though 1D materials are frequently described as
having advantages like higher sensitivity and biocompatibility
than 2D materials but they generally require more sophisticated
fabrication techniques. For example, fabricating a nanowire FET
requires isolation and alignment of a single nanowire, creating
metal pads (contacts) with almost zero contact resistance is a
very cumbersome task [22]. On the other hand, graphene be-
ing a 2D material is of particular interest in bio-sensing due to
its 2D structure, biocompatibility, effective ligand surface bind-
ing chemistries and graphene can be easily transferred by simple
scotch-tape method from graphite or PDMS stamping from cop-
per foil. As a result, it has been considered in this aptamer-based
work. Aptamers are single-stranded DNA or RNA molecules
which bind to specific target analytes like metal ions [11],
[12], proteins [13], and organic and inorganic molecules [14].
Aptamers have advantages over antibody-based immunoassays
[15]. In this article, we report a label free FET-like electro-
chemical biosensor having graphene channel for the detection
of AMP.

II. EXPERIMENTAL DETAILS

A. Device Description

Liquid gated graphene field effect transistor is used as
the electrochemical biosensor device in our experiments. The
growth and fabrication of the devices were performed by Burke
et al. and have been presented in a previous article [16]. High
purity monolayer graphene was grown on Cu foil using low
pressure chemical vapor deposition (LPCVD). The graphene
was then transferred using poly(-dimethyl siloxane) (PDMS)
which was used as the substrate for the FET. This technique
ensured transfer of a contamination free graphene film. Ra-
man Spectroscopy was done on the graphene film. The ratio of
the peak intensity of the G band to 2D band was ∼0.3 which
suggested the existence of a monolayer graphene. The topo-
graphical analysis was performed using SEM and AFM on the
graphene structure to detect any cracks or folds. Fig. 1 shows the
device layout of the liquid gate field effect transistor(FET). A
rectangular PDMS well structure was placed on the previously
transferred graphene film on the PDMS substrate. The well

Fig. 1. This schematic diagram of the device (left) and enlarged picture of
the graphene interface with the aptamer which detects AMP via conformational
change of the aptamer (black coiled structure) attached on the surface of the
graphene sheet (green area). Most of the graphene is only present beneath the
well region.

acts as a fillister containing ionic solutions with conducting
graphene layer at the base, and the average well size is ca.
0.8 cm × 0.4 cm × 0.2 cm. Source and drain electrodes were
formed on either side of the PDMS fillister using silver solution.
An Ag/AgCl reference electrode (Microelectrode Inc., Bedford,
NH) was placed in the ionic solution in the well which acted
as the gating electrode. Binding of the aptamer to the graphene
in the ionic solution was done to detect the target ions. Due to
the reaction between the target ions and the aptamer, the latter
undergoes a conformational change which is reflected in the
transfer characteristics of the liquid gated FET-like transistor.

B. Preparing Aptamer Modified Graphene Surface

75 μM of aptamer solution is diluted to 15 μM of dimethylfor-
mamide (DMF) (Sigma Aldrich, St. Louis, MO). 50 μL of that
solution was placed in the FET fillister and kept at room tem-
perature for 3 hours. In order to remove excess and unbounded
aptamers, the well was washed with PBS four to five times. FETs
for control experiments were also prepared following the same
procedure but no aptamer solution is added in order to validate
that AMP-aptamer complex is the primary cause behind device
transfer curve alteration if any. The wells were kept filled with
50 μL PBS all the times and experiments were conducted on
the same day to avoid adhesion of the aptamer to the graphene
surface.

C. Sensing Procedure by Monitoring Drain Current

In these experiments, the sensing of different concentration
of the analyte is accomplished by tracking the change in Dirac
point drain current versus Dirac point gate voltage. To perform
the experiment, the gate to source voltage was varied from −1
V to 1 V, keeping the drain to source voltage fixed at 0.3 V.
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TABLE I
SEQUENCE OF AMP DNA APTAMERS USED IN PREVIOUSLY PUBLISHED STUDIES

Number Aptamer sequence (5’—> 3’) Reference

1 GGCTTGGGGGAGTATTGCGGAGGAAAGCGGCCCTGCTGAAG 17
2 ACCTGGGGAGTAAAGCGGAGGAAGGT 23
3 CCTGGGGGAGTATTGCGGAGGAAGG 24
4 GGGUUGGGAAGAAACUGUGGCACUUCGGUGCCAGCAACCC (RNA based) 25, 26

The gate voltage was applied via Ag/AgCl reference microelec-
trode, and the drain-source current was measured using the Ag-
ilent 4156B semiconductor parameter analyzer. AMP obtained
from Sigma Aldrich, St. Louis, MO was dissolved in PBS and
different concentrations were added to the well to observe the
change in the drain current. The same experiment is repeated on
4 samples in order to obtain statistically significant result. We
performed separate control experiments by adding AMP in the
FET fillister without any aptamer present. We also performed
additional control experiments by adding L-cysteine, Guano-
sine mono-phosphate (GMP), Uridine mono-phosphate (UMP)
to the aptamer functionalized well. Control Experiments are also
implemented onto 3 different samples. Any non-target molecule
should serve as a control substance but L-cysteine is of special
significance since it is comparable in size with AMP whereas
GMP and UMP are structurally similar to AMP.

III. RESULTS AND DISCUSSION

A. Selection of Aptamer and Secondary Folding of
the Aptamer

The aptamer used in our experiment contains the common
20 DNA base pair sequence similar to the aptamer used by
Huizenga et al. and Lin et al. [17] shown in the Table I. The most
important consideration is to keep the length of the aptamer less
than the Debye length of the buffer solution, which is phosphate
buffer saline (PBS). As seen in Table I, there is a consistent
nucleotide motif in three of the four aptamers used in previously-
published studies, and therefore we assume that this motif is
the sequence involved in binding AMP. Hence aptamer with 5’-
GGGGGAGTATTGCGGAGGAA-3’ (obtained from Biosearch
Technologies) sequence with pyrene modification on 5’ end is
used in order to satisfy Debye length criterion. The secondary
structure of the selected aptamer is shown in Fig. 4(b) based
on minimum Gibbs free energy criterion using Mfold software.
The aptamer-graphene binding is facilitated by the pyrene group
attached to the 5’ end of the aptamer via π-π stacking.

B. Immobilization of Aptamers on the Graphene Surface

The aptamers should be immobilized on the graphene surface
such that they remain within the Debye length of the electrolyte.
There are various methods to verify the immobilization of the
aptamers such as quantum dot tagging of the aptamers [11] or
SEM imaging [29]. However, AFM topographical imaging is
an easy and reliable method to ensure the proper binding of
the aptamers on the graphene surface. Fig. 2(a) shows a 3D
height profile of the graphene surface with aptamers bound to
it, unlike Fig. 2(b) which shows height profile of the graphene

Fig. 2. a) The 3D AFM image of a graphene sheet with aptamers bound to it.
The spikes in the sheet refers to the aggregation of aptamers on the graphene
sheet. The AFM is done on the sample after binding the aptamers. b) The 3D
image of graphene devoid of aptamers are shown which is captured before
modifying the graphene surface. For both of the figures the 2D projection or
top view is given in the inset and the scan area shown is 1 μm × 1 μm. The
aggregation of the aptamers might be due to the fact that during AFM the fillister
does not contain any PBS to disperse the aptamers.

surface devoid of aptamers. The aptamers we have used are
20 base pairs long. Some of the spikes in 3D image show a higher
value which probably depicts the agglomeration of aptamers in
a specific region during AFM imaging only. The uneven surface
in Fig. 2 might be attributed to the inherent surface roughness
of the PDMS and residue resulted from binding process of the
aptamer.

C. Liquid Gated Graphene FET Device Characteristics

Conductivity and functionality of the FET-like devices have
been tested by adding PBS in the well and measuring the
drain current (Id), gate voltage (Vg) and drain voltage (Vd).
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Fig. 3. Plot of Id vs Vd for gate voltage 300 mV (in black triangle) and
−300 mV (in black square). Also shown is the channel conductance for the two
different values of gate voltage (blue). The red region shows the inversion of
channel conductance nature for Vg = 300 mV. For negative gate voltage the
channel nature does not inverts within these value of drain voltage.

The device transfer characteristics i.e. gate voltage (Vg) vs.
drain current (Id) is measured using an HP4156B parameter
analyzer. The linear nature of Vd and Id is expected for a con-
tinuous graphene sheet and used as a criterion for usability of
that particular sensor. The slope obtained from the Id-Vd curve
represents the average channel resistance for the particular sen-
sor. The slope of the Id-Vd curve at Vg = 300 mV comes out
to be 43.28 μS, hence the channel resistance can be calculated
ca. 23 kΩ. The contact resistance between graphene and silver
electrode in the source and drain region is given as 917 Ω [16]
which is much smaller than the channel resistance; hence, we
can ignore the voltage drop across the contact resistance. The
variation of drain current occurs due to modification of chan-
nel nature, i.e., n-type and p-type for a different combination
of gate-source voltage (Vg) and Vd. The variation of channel
conductance shown in Fig. 3 is observed because the change
in drain voltage polarity inverts the carrier type in the channel.
The variation of conductance in two regions occurs as a result of
the difference in electron and hole mobility. It is observed that
when positive drain to source voltage is increased the channel
inversion takes place at a higher gate voltage value (data not
shown). The phenomenon is observed because in order to invert
the channel, a higher gate voltage is required for elevated drain
to source voltage.

D. Graphene-Based Detection of AMP

After binding the aptamer, the drain voltage was kept fixed at
0.3 V and the transfer characteristics was measured for the sen-
sor. The curve for the same exhibits a minimum Id point known
as Dirac point (DP). The drain current response with variation
in gate voltage is shown in Fig. 5. In the region to the right of the
DP, the FET channel behaves as n-type, i.e., electrons are the
majority carriers and in the left region of DP it behaves as p-type.
The transconductance curve in Fig. 4(a) explains the above men-
tioned fact. For accurate sensing with ionic liquid gated FET the
two most important factors are Debye length of the electrolyte
and the quality of the graphene sheet. 0.01x PBS solution used
as the gate electrolyte in the experiments have a Debye length of
∼ 8.25 nm; hence, it is adequate for sensing using short 6-8 nm
long aptamers [30]. When AMP binds to the aptamer it under-
goes a conformational change [17] which in turn modulates the
charge (expressed as drain current) in the graphene. As AMP

Fig. 4. a) The transconductance and drain current vs. gate voltage plot for
drain voltage = 300 mV illustrates the channel characteristics. The right side
region of the DP (red dashed line) shows the n-type conduction and left half
is p-type. b) Most probable two conformations of the aptamer used; modelled
using M-fold software (considering sodium concentration to be = 0.00138 M
(0.01 × PBS)).

Fig. 5. a) The change in the Id-Vg transfer curve for progressive addition
of AMP from 10 pM to 10 mM. The Dirac point current value increases with
higher AMP concentration. b) The zoomed in graphs for 10 pM to 10 nM in the
Dirac point region for the sensor.

is added progressively from 10 pM to 10 mM to the FET well,
the drain current value at DP increases as shown in Fig. 6(a).
The p-type current and Dirac point current both show a constant
increase with AMP addition due to the fact that more aptamers
are conformed within Debye length of PBS and DNA aptamers
contain a heavily negatively charged phosphate backbone. This
DNA conformation enhances the unscreened charge quantity in
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Fig. 6. a) The variation of drain current when AMP is added without the
presence of DNA aptamer and b) selectivity of the sensor towards AMP in
presence of aptamer, compared to GMP, UMP, L-cysteine and AMP without
aptamer attached to the graphene sheet for the range of 10 pM to 10 mM.

Debye length which increases the free carrier concentration in
graphene and we observe an increase in current.

E. Selectivity of the Graphene Sensor

In order to provide an indication of the sensor’s selectivity
towards AMP, we conducted four control experiments as ex-
plained before in Section II-C keeping all the conditions iden-
tical to the target experiment. The amount of L-cysteine, GMP
and UMP added are similar as target and environment of the of
experiments are kept identical in order to maintain uniformity.
The amount of L-cysteine, GMP and UMP are varied from
10 pM to 10 mM similar to the AMP to obtain a comparison
between target and control. According to Fig. 6(b) the change
in DP current is maximum for the case of AMP compared to
control experiment result. The control experiments lead to the
conclusion that our sensor is suitable for detecting AMP in pres-
ence of L-cysteine. The significant change in current for AMP
in the presence of aptamer shows that the sensor is also selective
to AMP but only if aptamers are present.

F. Sensitivity and Limit of Detection of the Sensor

The sensitivity of our sensor platform is calculated by obtain-
ing first order derivative of the calibration curve (Fig. 7(a)). A
nonlinear trend is observed in the calibration curve where the
percentage change of drain current at DP IDirac vs Gate voltage
is shown for 0 M to 1 mM AMP concentration. The response
curve has been fitted with a third order exponential decay model
with a strong correlation (R2 = 0.98) and it appears to be of

Fig. 7. a) The drain current at Dirac point vs. concentration curve with error bar
for calculating the sensitivity of the sensor. The fitted data exhibits a nonlinear
relationship between drain current and concentration, where concentration is
varied from 0 M to 1 mM. b) The variation of drain current in dynamic range
(1 nM to 100 μM) of the sensor is linear (R2 = 0.92) with concentration which
determines the sensitivity of the sensor.

the form:

Percentage change in IDirac = 12.737 − 5.27 exp
( −x

0.242

)

− 2.564 exp
( −x

342.03

)

− 4.477 exp
( −x

342.65

)
(1)

where x is expressed in μM. The sensor is found to be highly
non-linear in nature, which can be observed graphically from
calibration curve plot and inferred quantitatively from calibra-
tion equation. Due to highly non-linear behavior, the sensitivity
of the sensor is observed to be monotonically decreasing with
concentration. Though the sensor exhibits non-linear behavior,
for a range of 1 nM to 100 μM the sensor shows a linear behav-
ior with logarithm of AMP concentration. For the linear region,
the percentage change of IDirac is found to be 1.56 %/decade
change of AMP concentration which can be inferred as sensi-
tivity of the sensor. Experiments performed on multiple devices
reveal that the change in drain current value at DP for 10 pM
concentration of AMP is significantly higher compared to the
noise floor of respective blank samples. Hence 10 pM is con-
cluded as the reliably detected minimum concentration of AMP
for this sensor. In case of a diabetic patient the ocular AMP level
and serum AMP level changes by 600 nM and 4 nM respectively
as mentioned in Section I, which lie within the dynamic range
of our reported sensor. Hence the sensor can be employed in
medical anomaly detection scenarios like diabetes.
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IV. CONCLUSION

In this work, we have successfully demonstrated a unique
liquid gated FET-like nanosensor and its effectiveness in de-
tecting ultralow concentrations of AMP. The relevance of the
sensor in medical detection field has also been mentioned. The
sensor uses the increase in electron transfer efficiency property
of monolayer graphene, which is mediated by folding of the ap-
tamer upon addition of AMP. Several advantages of the sensor
include: label free detection, simplistic design, higher stability,
good selectivity and sensitivity and very low detection limit.
The efficiency of the sensor platform quantified by the sensi-
tivity, is higher in the pico-molar and nano-molar region, and
gradually decreases for micro and millimolar concentrations of
AMP. Among previously reported methods for detecting AMP,
Tanaka et al. [7] has achieved a minimum detection of 100 nM
concentration comparable to our sensor and operating range of
0.1 μM to 0.1 mM. Sallacan et al. [8] has reported AMP sensor
with a LOD of 0.1 μM and dynamic range of 0.1 μM to 1 mM.
Similar range of detection limit has also been reported by Shen
et al. [5] and Shon et. al [6]. Additionally, our sensor requires
a small sample volume restricted by the volume of the fillister
which varies from 60 to 80 μL to display the result; hence, it
is optimum for different medical testing procedures. Another
advantage is that one can easily detect another analyte on the
same graphene platform just by changing the aptamer sequence.
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