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a b s t r a c t

Rapid and reliable molecular analysis of DNA for disease diagnosis is highly sought-after. FET-based
sensors fulfill the demands of future point-of-care devices due to its sensitive charge sensing and pos-
sibility of integration with electronic instruments. However, most of the FETs are unstable in aqueous
conditions, less sensitive and requires conventional Ag/AgCl electrode for gating. In this work, we pro-
pose a solution-gated graphene FET (SG-FET) for real-time monitoring of microscale loop-mediated
isothermal amplification of DNA. The SG-FET was fabricated effortlessly with graphene as an active layer,
on-chip co-planar electrodes, and polydimethylsiloxane-based microfluidic reservoir. A linear response
of about 0.23 V/pH was seen when the buffers from pH 5–9 were analyzed on the SG-FET. To evaluate the
performance of SG-FET, we monitored the amplification of Lambda phage gene as a proof-of-concept.
During amplification, protons are released, which gradually alters the Dirac point voltage (VDirac) of SG-
FET. The resulting device was highly sensitive with a femto-level limit of detection. The SG-FET could
easily produce a positive signal within 16.5 min of amplification. An amplification of 10 ng/μl DNA for 1 h
produced a ΔVDirac of 0.27 V. The sensor was tested within a range of 2�102 copies/μl (10 fg/μl) to
2�108 copies/μl (10 ng/μl) of target DNA. Development of this sensing technology could significantly
lower the time, cost, and complications of DNA detection.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Even with the tremendous development in bio-sensing tech-
nologies, the diagnosis of viral diseases still follows enzyme-linked
immunosorbent assay (ELISA) and blotting based analysis. These
conventional methods to detect biomarkers require a high-cost
labeling process and have a complex detection sequence with long
analysis time. Thus, a much of valuable time is lost in diagnosis
rather than for the treatment. Likewise, most of the reported
biosensors require an additional reporter molecule and intricate
sensor components. Therefore, rapid, simple, and accurate diag-
nostic devices are needed to diagnose the disease efficiently before
its advancement.

Recently, loop-mediated isothermal amplification (LAMP) is
gaining attention for its outstanding amplification and rapid di-
agnostic ability (Notomi et al., 2000; Parida et al., 2004; Shirato
et al., 2007; Thai et al., 2004). LAMP is a gene amplification
technique that uses a Bst DNA polymerase and multiple primers to
amplify the template DNA in the isothermal condition and in a
short time with high selectivity. In earlier days, monitoring of
LAMP relied on optical methods, due to the change in turbidity by
the released magnesium pyrophosphate precipitate as a byproduct
during amplification (Mori et al., 2004). Lately, a number of min-
iaturized LAMP sensors with electrical analysis of amplicon have
been reported. The single temperature condition for the gene
amplification during LAMP is advantageous for developing a point-
of-care (POC) system (Hsieh et al., 2012; Sayad et al., 2016; Sun
et al., 2015; Veigas et al., 2014).

Graphene, a single carbon layer of graphite structure, has also
emerged as a material of interest for fabricating biosensors. It has a
large surface area, high electrical conductivity, excellent mechan-
ical strength, and can be functionalized easily. Its outstanding
properties and biocompatibility have influenced applications in
numerous biosensors (He et al., 2012; Lv et al., 2010; Reiner-Roz-
man et al., 2015). Among various kinds of graphene-based sensors,
a solution-gated field effect transistor (SG-FET), in which the gate
and graphene active layer are separated by electrolyte instead of
the dielectric insulator is a promising sensing platform. SG-FET is a
better biosensor because it works on the electrical field based high
transconductance (Hess et al., 2011). SG-FET based biosensors have
proved to be highly sensitive, selective, and stable. The electrons in
carbons of graphene active layer are all exposed outside the plane,
which makes it very sensitive to subtle changes such as a change
in pH or DNA attachment (Dong et al., 2010; Ohno et al., 2009; Yan
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et al., 2014; Zhang et al., 2014). The other major FET and pH based
sensing platform is ion-sensitive FET (IS-FET) and was first re-
ported 40 years ago. Bergveld et al. have extensively discussed the
advancement of IS-FETs as sensors (Bergveld, 2003). Generally, IS-
FETs are fabricated on a silicon substrate using CMOS process
(Huang et al., 2015; Moser et al., 2016). Although IS-FETs have
proven their worth, it is laborious to fabricate silicon and CMOS
processed IS-FETs. Consequently, with silicon as a substrate, flex-
ible IS-FET sensors are quite not possible. The usual structures of
IS-FET and SG-FET embody a gate (reference) electrode immersed
in the electrolyte from outside. This external electrode hinders the
miniaturization of the device for portable use. Additionally, an
internal fluid network is essential for creating a multiplexed lab-
on-a-chip.

Several groups have attempted electrical detection of DNA
amplification, in the past. Most of these reports achieved success
in terms of DNA detection, but the presented techniques are ex-
pensive and complex to implement. Pourmand et al. reported a
charge perturbation based detection of DNA synthesis. However, it
requires immobilization of DNA on gold, which is tedious (Pour-
mand et al., 2006). Similarly, an electrochemical-based study of
LAMP suggested conversion of the released pyrophosphate into
electrochemically active molybdophosphate (Xie et al., 2015).
However, a real-time monitoring of amplification is not possible
following this study. Additionally, numerous other works on DNA
detection through hybridization or covalent bonding on graphene
transistors have been done (Chen et al., 2013; Dong et al., 2010;
Green and Norton, 2015; Guo et al., 2011; Yin et al., 2012), but the
real-time monitoring of DNA amplification on solution-gated
graphene transistor has seldom been attempted.

Therefore, in this work, a monolithic solution-gated graphene
FET is presented for the real-time monitoring of LAMP of viral
DNA. The FET was fabricated on a glass substrate containing thin-
film coplanar electrodes instead of silicon substrate and conven-
tional Ag/AgCl electrode. The label-free sensing of DNA was de-
pended on the change in Dirac point voltage (VDirac) of FET, due to
the release of protons during LAMP (Toumazou et al., 2013). We
demonstrate the potential of SG-FET to quantify Lambda phage
gene in real-time. Development of this sensing technology could
Fig. 1. Solution-gated graphene FET (SG-FET): (a) schematic of SG-FET couple with co
(b) measurement setup of a single SG-FET, and (C) mechanism of proton release during
significantly lower the time, cost, and complications of DNA de-
tection in the future.
2. Experimental

2.1. Fabrication of solution-gated graphene FET

The overall scheme for graphene transfer, microchannel fabri-
cation, and SG-FET fabrication is shown in Fig. S1. We fabricated
two FETs with common gate electrode on one substrate for mul-
tiplexed analysis; however, in this study, each FET was in-
dependently used (Fig. 1(a) and (b)). Coplanar gold electrodes for
source, drain, and gate were patterned through standard photo-
lithography and thermal evaporator on a glass substrate (Han
et al., 2013). In summary, the AZ-1512 photoresist was spin-coated
on glass and patterned using UV-exposure. After patterning, tita-
nium (supporting layer) followed by gold was deposited on the
glass in a vacuum thermal evaporator. The additional photoresist
was removed by ultra-sonicating the glass in an acetone bath. The
width of the patterned electrodes was 1 mm with a separation of
1 mm between each of them. The gate electrode exposed inside
the fluid channel provided gate voltage through the electrolyte.

Graphene layer grown by chemical vapor deposition was pur-
chased from Graphenea (Spain). The copper (Cu) foil containing
graphene layer was cut in the size of 3�3 mm. A thin layer of
polydimethylsiloxane (PDMS) (sylgard 184, Dow Corning, USA, A:
B¼9:1) was spin coated on the graphene/Cu sheet and cured in a
dry oven for 30 min, at 75 °C. After curing, the PDMS/graphene/Cu
sheet was floated on FeCl3 (0.25 mg/ml) solution for 30 min, at
room temperature to etch the Cu. After Cu etching, the transparent
PDMS/graphene sheet was washed with copious amount of DI
water. The cleaned PDMS/graphene was later placed on glass
substrate containing patterned gold electrodes. The PDMS/gra-
phene sheet was aligned on the source and drain electrode under
an optical microscope. The graphene sheet was allowed to bond
with the glass substrate by incubating at 75 °C for 3 min. Finally,
the PDMS thin film was removed from the graphene using twee-
zers. A negatively molded PDMS-based microfluidic channel was
mmon gate; where S, D, and G are source, drain, and gate electrodes respectively,
DNA synthesis.
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bonded on the graphene FET after UV-ozone treatment (Han et al.,
2013). The fluid channel had a width and height of 1000 and
120 mm, respectively. Therefore, the active area of graphene was
3�1 mm2. The thus fabricated SG-FET was used for the real-time
monitoring of viral DNA amplification.

2.2. pH sensing using SG-FET

To verify the pH sensing ability of SG-FET, 2 mM Tris-HCl buf-
fers with pH ranging from 5 to 9 were used. The Tris-HCl buffer
was injected using a syringe into the fluid channel of SG-FET and
electrical response of the SG-FET was measured for each pH (Fig. 1
(a)). The electrical analysis on SG-FET was performed using an HP
4145B semiconductor analyzer (Fig. 1(b)). The pH of the buffers
and LAMP products was measured by a thin rod type pH electrode
(HI 1083B, HANNA Ins.).

2.3. Loop-mediated isothermal amplification of viral DNA

The viral DNA (Lambda phage genomic DNA, 0.3 μg/μl) used in
this study was obtained from Bio Basic Inc. (Korea). The phage
DNAwas serially diluted with 10 mM Tris-HCl (pH 7.8) in the range
from 2�102 copies/μl (10 fg/μl) to 2 × 108 copies/μl (10 ng/μl). At
first, 25 μl LAMP reaction mixture composed of 0.5X Thermopols

buffer (New England Biolabs, M0275S), forward inner primer
(1.6 μM, FIP), backward inner primer (1.6 μM, BIP), forward outer
primer (0.2 μM, F3), backward outer primer (0.2 μM, B3), Bst DNA
polymerase (8 U, New England Biolabs, M0275S), dNTPs (1.4 mM),
betaine (0.8 M, Sigma-Aldrich), MgSO4 (8 mM), and DNA (1 μl)
was prepared. The sequences of the primers for LAMP were as
follows (Mori et al., 2004):

5′-AGGCCAAGCTGCTTGCGGTAGCCGGACGCTACCAGCTTCT-3′
(FIP),

5′-AAAACTCAAATCAACAGGCG-3′ (F3),
5′-CAGGACGCTGTGGCATTGCAGATCATAGGTAAAGCGCCACGC-3′

(BIP).
5′-GACGGATATCACCACGATCA-3′ (B3).
5 μl of the above reaction the mixture was injected using a

syringe in the microchannel and the inlets and outlets were filled
with mineral oil to prevent the evaporation of reaction mixture.
The LAMP was conducted at 65 °C in a conventional thermocycler
(C1000™, BIORAD) and as well as in the SG-FET microfluidic chip.
The heat for the on-chip amplification was supplied using a ther-
mal hot chuck (MS tech, MST-1000B). Finally, the LAMP products
were analyzed by the gel-doc system in 2% agarose gel. The real-
time monitoring of LAMP on SG-FET was performed by measuring
the I-V curve at intervals of 5 min.
3. Result and discussion

3.1. Characterization of transferred graphene sheet

In this work, a modified polymer supported etching transfer
method was used to transfer graphene on the SG-FET (Kang et al.,
2012). The commonly used poly(methyl methacrylate) (PMMA) for
transferring graphene leaves its traces even after soaking in hot
acetone. The PMMA residues after acetone cleaning have been
causing problems such as doping effects (Shin et al., 2012).
Therefore, we replaced the PMMA to PDMS, as it does not need
any liquid mediated elimination step (You and Pak, 2014). The
characterization of graphene sheet transferred using PDMS on the
SG-FET was performed by measuring the intensity ratio of Raman
spectra at 532 nm wavelength (Fig. S2). The D peak represents the
defects in graphene, while the ratio of G and 2D peaks represents
the number of the graphene sheet. A high-sharp 2D-peak and low
G-peak were observed at 2676 and 1592 cm�1 respectively, which
signifies that the transferred graphene is a pure monolayer sheet
(Ferrari et al., 2006).

3.2. Characterization of solution-gated graphene FET

The schematic of the fabricated SG-FET is shown in Fig. 1(a) and
(b). As can be seen, the thin-film source, drain, and gate electrodes
were fabricated in the same plane on a glass substrate. This fa-
cilitated the attachment of PDMS microchannel on the SG-FET, and
overall a monolithic biosensor. The source and drain electrodes
were insulated from the gate electrode using the PDMS micro-
fluidic channel. To prevent the leakage current between source
and gate electrode, the microchannel ensured that only the gra-
phene active layer and gate electrode is exposed to the electrolyte.
The length and width of the exposed graphene active layer were
1 and 3 mm, respectively.

When the gate voltage is applied at SG-FET, two electrical
double layers (EDL), which are regarded as a capacitor is formed at
the interface of gate-electrolyte and electrolyte-graphene. The
overall capacitance of interface is composed of fixed Helmholtz
layers (HDLs) and Gouy-Chapman diffuse double layers (GCDLs),
so the total capacitance C can be described as Eq. (1) (Palazzo et al.,
2015):

= ( + )
( )

−C
C C
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1

The gate voltage can modulate the channel conductance of SG-
FET. The representative performance of SG-FET is presented by
transfer curve, which is the channel current (IDS) between source
and drain as a function of gate voltage (VG) at fixed drain voltage
(VDS). The transfer curve of SG-FET shows ambipolar characteristic
which has both hole current of p-channel and electron current of
n-channel without off current. The voltage at lowest current when
Fermi level (EF) is modulated to the charge neutrality point is the
switching point between hole current and electron current. This
charge neutrality point is called as the Dirac point voltage (VDirac)
(Yan et al., 2014). The VDirac can be shifted by doping effect of
adsorbed molecules. Schedin et al. observed that NO2 and NH3 act
as acceptors and donors on graphene surface, respectively (Sche-
din et al., 2007). In case of donor induced, EF moves toward lowest
unoccupied molecular orbital (LUMO) level and in case of acceptor
induced, EF moves toward highest occupied molecular orbital
(HOMO) level. The increase of charge carriers can move EF level of
graphene and result in shift of VDirac.

Moreover, total gate capacitance (tens of μF cm�2), which is
composed of two EDL capacitors and graphene quantum capaci-
tance, is pretty higher than typical FET with a thermal oxide gate
insulator (Yan et al., 2014). This means that SG-FET can operate
under less than 1 V of gate voltage, according to the channel cur-
rent Eq. (2) (Chen et al., 2010):

μ≈ − ⋅ − ≫ | | ( )I
W
L

C V V V for V V V, 2DS i G Dirac DS G Dirac DS

As can be seen in Fig. 2(a), the lower working voltage from 0 to
2 V range is good for biosensors because it can prevent the damage
of biological samples from electrical power. A low operating vol-
tage can also benefit in designing a battery-powered hand-held
sensor.

3.3. pH sensing using SG-FET

The real-time monitoring of the LAMP on SG-FET was based on
the release of protons during the amplification and thus the
change in local surface pH. Therefore, at first, we analyzed the



Fig. 2. The response of SG-FET at different pH buffers: (a) Transfer curves of SG-FET at pH 5–9, (b) Relationship between pH and VDirac. Error bar represents the standard
deviation of 3 independent analysis. Buffer: 2 mM Tris–HCl.

Fig. 3. Change of pH during LAMP in a thermocycler: 2�108 (Target gene) and 0
(NTC) copies/μl of Lambda phage DNA.
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ability of SG-FET to distinguish between buffers at different pH.
The buffers were injected through the microchannel and the cor-
responding electrical response was measured. A response char-
acteristic of SG-FET at different pH buffers is shown in Fig. 2. The
VDirac shifted towards positive and negative when the SG-FET was
exposed to acidic and basic buffer, respectively. The ionic groups
present in buffer acts as a dopant and shift the VDirac of SG-FET. A
good relationship was seen between the pH and change in the
VDirac with an average response of 0.23 V/pH. The average rate of
shift in VDirac was higher in acidic condition (0.25 V/pH) compared
with the basic condition (0.125 V/pH). However, the buffers
around neutral pH (6–8) produced a higher change in the VDirac

due to the availability of more free reactive elements on the gra-
phene layer. This higher sensitivity around the neutral pH is
beneficial for the real-time monitoring of LAMP. Some of the
previously reported graphene FET based pH sensor proposed an
opposite trend where the VDirac increased along with the increase
in pH (Ang et al., 2008; Ohno et al., 2009; Sohn et al., 2013).
However, Lee et al. proposed that in the case of an SG-FET, the
direction of VDirac shift depends on the concentration and com-
position of buffers as well (Lee et al., 2015). In his work, the VDirac

shifted towards the positive direction in response to increasing pH,
if the buffer contained a low concentration of phosphate ions.
Contrarily, if the buffer contained a high concentration of phos-
phate ions, the VDirac shifted towards the negative with increasing
pH. The type and concentration of the ionic group in the buffer
decides the direction of VDirac shift. We report an average response
of 0.23 V/pH, which is many folds higher than the previously re-
ported sensitivity of 0.099 mV/pH (Ang et al., 2008), and 71 mV/
pH (Ameri et al., 2016) for graphene oxide based FET and 0.0262 V/
pH for CMOS ISFET (Huang et al., 2015).

3.4. pH change during the LAMP

The pH-sensitive SG-FET was adopted as the LAMP based
sensor for viral DNA. During DNA amplification, the hydroxyl
group of nucleotide on the growing strand attacks the alpha-
phosphate of deoxyribose nucleoside triphosphates (dNTP) (Fig. 1
(c)). This result in the addition of a new nucleotide to the growing
DNA strand and a pyrophosphate and hydrogen ion is released as
byproducts. The liberated hydrogen ion (proton) induces a change
in the pH of the solution on the graphene surface. The change of
pH signifies the successful amplification of DNA and was mon-
itored using the SG-FET.

To minimize the ion charging effect on SG-FET, we first opti-
mized the concentration of buffer used for LAMP. A low ionic
strength or concentration of buffer is important to maximize the
effect of releasing protons on the SG-FET surface. For this, different
sets of LAMP were carried out in buffer with concentration ranging
from 0.3X to 0.8X. Fig. S3 shows the resolved LAMP amplicon in
agarose gel. An attenuated amplification was observed when
LAMP was performed in 0.3X and 0.4X buffers. Therefore, the
LAMP was further performed in 0.5X buffer for the real-time
monitoring on the SG-FET.

The gradual change in the pH during LAMP was first verified
using a commercial pH meter and thin type pH electrode. A 2�108

copies/μl of viral DNA was amplified through LAMP in a thermo-
cycler and the change in pH was measured at intervals of 10 min
for 1 h. Analysis of amplicon showed a continuous decrease in pH
as the LAMP commenced, with a saturation at about 40 min
(Fig. 3). The LAMP for 60 min produced a ΔpH of 0.7. However, no
considerable change in the pH was seen when no template was
added in the reaction mixture (Fig. 3). This confirms that the LAMP
can be monitored in real-time on SG-FET based on the change in
pH.

3.5. Real-time LAMP detection using SG-FET

The real-time LAMP detection using SG-FET was performed
after filling the fluid channel with LAMP mixture containing target
viral DNA, primers, and 0.5X reaction buffer. The amplification of
viral DNA and the electrical measurement was carried out si-
multaneously. The electrical measurement was performed after



Fig. 4. LAMP of Lambda phage DNA: (a) Real-time response of SG-FET during on-chip LAMP of 2�108 copies/μl of DNA (Black), pUC18 DNA as a negative control (Red), and
2�108 copies/μl of DNA with a non-specific primer set (Blue). (b) Image of resolved amplicons in agarose gel: (M) 1.5 kb marker; (1) 2�108, (2) 2�107, (3) 2�106 copies/μl
of DNA in thermocycler; (4) 2�108, (5) 2�107, (6) 2�106 copies/μl of DNA on SG-FET. Buffer: 0.5X Thermopols buffer. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.).
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every 5 min to obtain a real-time information. The progress of
DNA amplification gradually decreased the pH of the mixture. The
real-time shift of VDirac due to decreasing pH can be seen in Fig. 4
(a). LAMP of 2�108 copies/μl (10 ng/μl) of viral DNA for 60 min
produced a 0.275 V shift in the VDirac. The SG-FET could sensitively
discriminate between the target and non-target DNA amplifica-
tion. We incubated the pUC18 DNA (negative control) with the
primer set meant for the Lambda phage DNA. No amplification of
pUC18 DNA (Fig. 4(a), red line) produced an insignificant change in
the VDirac of SG-FET, thus proving the selectivity of this analysis.
Similarly, the LAMP of Lambda phage DNA with a non-specific set
of primer (Fig. 4(a), blue line) also produced no shift in the VDirac.
Fig. 4(b) shows the resolution of LAMP products from different
initial template concentrations amplified in a thermocycler and on
SG-FET. The comparison of amplicons confirms the efficient
working of SG-FET as a LAMP device.

To verify the ability of SG-FET as a sensitive real-time LAMP
sensor, 7 different concentrations of viral DNA, ranging from
2�102 copies/μl (10 fg/μl) to 2�108 copies/μl (10 ng/μl) were
amplified and analyzed. The response of SG-FET is shown in Fig. 5.
The SG-FET showed a stable performance and a typical sigmoidal
response curve of DNA amplification was seen, whereas the mix-
ture with no template DNA produced no considerable change in
the VDirac.

The threshold time (Tt) was calculated from the Fig. 5 and is
Fig. 5. The real-time response of SG-FET based LAMP monitoring system:
ΔVDirac after amplification of initial template DNA concentrations from 0 (NTC) to
2�108 copies/μl. Buffer: 0.5X Thermopols buffer.

Fig. 6. The relationship between SG-FET response and template DNA con-
centration: (a) threshold time at ΔVDirac of 0.05 V and copy number of DNA and (b)
ΔVDirac at 40 min of LAMP and copy number of DNA. Error bar represents the
standard deviation of 3 independent analysis.
plotted in Fig. 6(a). The reaction time that produced a ΔVDirac of
0.05 V was considered as the threshold time. A progressive in-
crease in the Tt (R2¼0.996) was seen with the decreasing con-
centration of initial template DNA. From the Fig. 6(a), it can be
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inferred that the SG-FET is highly sensitive with a minimum signal
time of 16.5 min for 2�108 copies/μl. The change in the VDirac

after 40 min of amplification with respect to the initial template
concentration is also summarized in Fig. 6(b). The ΔVDirac in-
creased with the increasing concentration of initial template DNA
concentration. The device showed a limit-of-detection of 2�102

copies/μl of viral DNA. From these results, we affirm the successful
fabrication of graphene-based solution-gated FET and its applica-
tion in LAMP based sensing of viral DNA.

Recently, Toumazou et al. reported an ISFET based sensor for
electrically monitoring the amplification of DNA (Kalofonou and
Toumazou, 2013; Purushothaman et al., 2002, 2006; Toumazou
et al., 2013). The ISFET showed better performance with a Tt of
20 min for 1�103 copies of DNA. In a similar work, Veigas et al.
also reported a LAMP monitor based on tantalum pentoxide
electrolyte–insulator–semiconductor (Veigas et al., 2014). The
sensor showed a linear response for 1�108–1011 copies of DNA
with a Tt of 10 min (1011 copies), which is much higher than the
present work. On the contrary, most of the reported graphene FET
based DNA sensors only study the hybridization of DNA strands. To
the best of our knowledge, this is the only work reporting SG-FET
for the real-time electrical monitoring of DNA amplification. The
analysis involved a label-free DNA amplification detection without
the use of any dye or additional ‘reporting’ material. We could
efficiently amplify and detect DNA with just a 5 μl of the reaction
mixture, which is much lower than several other reports. The di-
rect detection of DNA amplification using graphene makes this
work inexpensive and attractive for the future wearable healthcare
devices.
4. Conclusion

The solution-gated graphene FET comprising coplanar thin-film
electrodes was developed in this work. The FET was integrated
with a PDMS microchannel that works as an insulating layer and
sample reservoir. Analysis of buffers from pH range 5–9 produced
a linear response of 0.23 V/pH. The SG-FET was employed to
monitor real-time loop-mediated isothermal amplification of DNA.
The protons released during the amplification altered the VDirac of
the FET. As a proof of concept, we successfully amplified and de-
tected Lambda phage gene. The SG-FET showed a good response to
the increasing initial template and amplicon concentration. Using
SG-FET, we could efficiently detect the viral DNA within 16.5 min.
The detection limit was observed to be 2�102 copies/μl that
corresponds to 10 fg/μl of DNA. The proposed SG-FET is highly
sensitive, stable, low-cost, hassle-free, and can be integrated with
other components for developing a lab-on-a-chip.
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