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ABSTRACT Mercury (Hg) is highly toxic but has been widely used for numerous
domestic applications, including thermometers and batteries, for decades, which
has led to fatal outcomes due to its accumulation in the human body. Although
many types of mercury sensors have been developed to protect the users from Hg,

few methodologies exist to analyze Hg> " ions in low concentrations in real world
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samples. Herein, we describe the fabrication and characterization of liquid-ion gated field-effect transistor (FET)-type flexible graphene aptasensor with

high sensitivity and selectivity for Hg. The field-induced responses from the graphene aptasensor had excellent sensing performance, and Hg>" ions with

very low concentration of 10 pM could be detected, which is 2—3 orders of magnitude more sensitive than previously reported mercury sensors using

electrochemical systems. Moreover, the aptasensor showed a highly specific response to Hg> " ions in mixed solutions. The flexible graphene aptasensor

showed a very rapid response, providing a signal in less than 1 s when the Hg” " ion concentration was altered. Specificity to Hg” " ions was demonstrated

in real world samples (in this case samples derived from mussels). The aptasensor was fabricated by transferring chemical vapor deposition (CVD)-grown

graphene onto a transparent flexible substrate, and the structure displayed excellent mechanical durability and flexiblility. This graphene-based aptasensor

has potential for detecting Hg exposure in human and in the environment.
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ercury (Hg) has been used as chem-

ical additive and energy source in

industrial development for de-
cades.’ Hg can be extremely toxic, both to
human health and to the environment.>™*
Hg has been implicated in a number of fatal
diseases such as Minamata disease, pul-
monary edema, cyanosis and nephrotic
syndrome.>® Therefore, the use and man-
ufacture of Hg is regulated in many coun-
tries. Hg is still used in many domestic and
industrial applications, including thermo-
meters, fluorescent lights, batteries, agricul-
tural chemicals, and cosmetics. To improve
safety, various analytical devices have been
developed to detect Hg*" ions, includ-
ing photoelectrochemical methods, colori-
metric analysis, and oligonucleotide-based
sensors.’ 2" In particular, fluorescence has
been widely used owing to the simplicity
and high sensitivity. However, fluorescence
sensors have limitations including the high
cost of the large pieces of equipment, which
are not portable.”>~'° Other conventional
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Hg sensors have significant drawbacks, in-
cluding a slow time response, low sensitivity
and/or poor selectivity. Importantly, the
selectivity of these conventional sensors
must be improved to discriminate Hg> " ions
in real world samples.

Graphene has superb thermally conduct-
ing property, excellent mechanical stability,
and an extraordinarily high electrical charge
carrier mobility. Because of these proper-
ties, it has recently become the subject of
considerable research interest for a wide
range of applications, including supercapa-
citors, electronic devices, solar cells, trans-
parent conducting electrodes, flexible
display devices, biomedical applications
and biosensors.>>~2® Graphene has been
investigated as a transducer in analytical
methodologies, showing high sensitivity,
selectivity, and rapid response/recovery
times owing to extraordinary carrier mobility
and high conductivity.?® Graphene trans-
ferred onto flexible substrates can provide
transparent and flexible two-dimensional
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thin-sheet, consisting of sp2—hybridized carbon atoms,
with outstanding mechanical properties, leading to the
potential for graphene films to be used for wearable
and portable biosensor applications. From these at-
tractive advantages, graphene-based flexible substrate
is a promising sensing structure for high-performacne
flexible biosensors.>®

Transistor-based sensors, which are the combination
of a sensor and amplifier, have potential for the devel-
opment of miniaturized and portable sensor systems
with effective interfacing transfer. Sensors based on
graphene transistors have been demonstrated for
applications including toxic gas sensors, plasmonic
sensors, and optical sensors, displaying excellent sen-
sing performances.®' 3 Graphene transistor can be
integrated with liquid-ion gated field-effect transistor
(FET) geometry, which can operate in the solution state
via the gate dielectric. The liquid-ion gated FET system
with a graphene transistor has shown excellent stabi-
lity in the liquid state, as well as low-voltage operation,
leading to biosensors for glucose sensors, cell-sensors,
DNA sensors, aptasensors, and so forth.3*~37

Herein, we report a straightforward fabrication
methodology for flexible graphene-based aptasensors
and demonstrate devices with high sensitivity and
selectivity for Hg detection. Chemical vapor deposition
(CVD)-grown single-layer graphene was successfully
transferred onto a flexible substrate and integrated
into the liquid-ion gated FET system via surface en-
gineering. The graphene-based aptasensor had a re-
sponse time of <1 s and a strong field-induced re-
sponse through the binding between Hg*" ions and
the aptamer, leading to a high sensitivity toward Hg*"
ions, with a detection limit of 10 pM, which is 2—3
orders of magnitude more sensitive than previously
reported Hg sensors based on electrical measure-
ments.” " The FET-type graphene-based Hg sensors
displayed high selectivity toward Hg>" ions in mixed
solution containing numerous other metal ions and
in real world samples derived from mussels. The
graphene-based aptasensor was transferred onto a
flexible polyethylene naphthalate (PEN) substrate, and
the flexible aptasensor system demonstrated excellent
mechanical properties. The development of a high-
performance flexible FET-type Hg aptasensor based on
graphene opens the possibility of Hg detection in the
real world.

RESULTS AND DISCUSSION

Fabrication of Flexible Graphene-Based Aptasensor. Figure 1
shows a schematic and design of the flexible graphene-
based aptasensor. The single layer graphene was grown
on a Cu substrate using chemical vapor deposition
(CVD) method, with CH, and H, gas precursors. The
Cu substrate was removed by etching, and the gra-
phene was transferred onto a flexible polyethylene
naphthalate (PEN) film. Gold source and drain electrodes
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were subsequently deposited using thermal evaporation
on the graphene-transferred PEN film. The two electro-
des were placed side by side and piled up uniform
distance. Figure 1a represents a schematic protocol for
the fabrication of graphene-based aptasensor on PEN
film. The surface of the graphene was chemically mod-
ified using 1,5-diaminonaphthalene (DAN), which al-
lowed functionalization using amino groups. The DAN
was stacked on the surface of the graphene through
m— interaction between phenyl groups of the DAN
and plane of the graphene 3 Finally, flexible graphene-
based aptasensors were successfully fabricated by the
introduction of aptamer after the addition of glutaral-
dehyde (GA). The DAN and GA were utilized as efficient
cross-linking agents for immobilizing the aptamer
(3’-amine-TTC TTT CTT CCC CTT GTT TGT-C10 carboxylic
acid-5') on the graphene surface. On the basis of
chemical reactions, one aldehyde group of the GA was
connected to the amine group of the DAN through
chemical bonding by the Schiff-base reaction.>> Simi-
larly, the other aldehyde group of GA was bound to the
amine group at 3’ terminus of the aptamer, resulting in
the construction of the stable-sensing elements in the
liquid state (Figure 1b). Therefore, the aptamer immo-
bilized on graphene-based aptasensor can specifically
interact with Hg®" ions (Figure 1c), leading to the highly
sensitive and selective responses.

Characterization of Flexible Graphene-Based Aptasensor.
Owing to its outstanding electrical and physical prop-
erties, a single layer graphene, rather than double or
few layer graphene, has been utilized for various
electronic devices such as electrode and electrical
transducer of biosensors.*® The number of layers and
thickness of the graphene was characterized using
high-resolution transmission electron microscopy
(HR-TEM) and Raman analysis. First, an edge of the
graphene was observed by HR-TEM, which is an effec-
tive method for visually counting the number of layers.
Figure 2a shows a HR-TEM image of single layer
graphene. Moreover, Raman measurement was also
used to analyze the graphene. As shown in Figure 2b,
the G peak (~1600 cm™") and 2D peak (~2700 cm™")
were the most distinctive features of the Raman spec-
tra. In single layer graphene, the 2D peak is sharper and
more pronounced than the G peak,3%%° which is con-
sistent with the spectra shown in Figure 2b, indicating
that single layer graphene was successfully fabricated
using the CVD method. Figure 2c shows UV—visible
spectra of the graphene film at 550 nm; the optical
transmittance (Tr) was measured following transfer of
the graphene to the flexible PEN substrate and was
found to be 97.73%, implying that the thickness of the
CVD-grown graphene is similar to general value of a
single layer graphene. The inset of Figure 2c shows a
photograph of the transparent graphene film. Finally,
the thermal stability of flexible graphene film was also
maintained, when the gold electrodes deposited on
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Figure 1. (a) Synthetic protocol of flexible graphene-based aptasensor on PEN film. (b) Chemical reactions among 1,5-
diaminonaphthalene (DAN), glutaraldehyde (GA) and the aptamer (3’-amine-TTC TTT CTT CCC CTT GTT TGT-C10 carboxylic
acid-5'). (c) Interaction of Hg*" ions with thymine base pairs in the aptamer immobilized on the surface of the modified

graphene layer.

the graphene film through thermal evaporation pro-
cess as shown in Figure 2d.

A field-emission scanning electron microscopy
(FE-SEM) measurement was performed to confirm
successful immobilization of the aptamer on the sur-
face of the graphene film modified with DAN and GA.
Figure 3a,b shows FE-SEM images of the graphene
surface before and after the introduction of the apta-
mer. The graphene film immobilized with the aptamer
had a more rough surface (Figure 3b) than the gra-
phene film only, treated with DAN and GA, as shown in
Figure 3a. Although significant differences were ob-
served on the surface of the aptamer-immobilized
graphene substrate, such as tough surface and band
stripes, further characterization was carried out using
fluorescence and high-magnification atomic force micros-
copy (AFM). The fluorescence image of the graphene-
based aptasensor shown in Figure 3c clearly shows
the aptamers attached on the graphene surface. To
observe the fluorescent images, a modified aptamer
(3’-amine-TTC TTT CTT CCC CTT GTT TGT-C10 FAM-5')
was prepared.'” The sequence of the modified apta-
mer was similar to the aptamer used for Hg detection,
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except for the functional group at the 5’ terminus. The
carboxylic acid group located at the 5’ terminus was
substituted with the fluorescein derivative 6-carboxy-
fluorescein (FAM). Figure 3c shows fluorescence emis-
sion between the source and drain electrodes, showing
that the aptamer was selectively immobilized on the
substrate. Moreover, the aptamer was also observed
using high-magnification AFM, as shown in Figure 3d.
The vertical value after the introduction of aptamer
on the graphene surface using a silicon wafer was
measured as ca. 3.74 nm by cross-sectional analysis
(Figure 3d, inset). The vertical thickness of the aptamer-
immobilized graphene significantly increased com-
pared to the heights of single layer graphene as ca.
0.9 nm in our previous paper.>’” The concentration of
immobilized aptamer on the graphene surface was
1.6 ng/uL (see Supporting Information Figure S1). From
these results, the immobilization of aptamer on the
graphene surface can be clearly characterized, leading
to the stable and strong aptasensor in liquid state.
Electrical Properties of FET-Type Flexible Graphene-Based
Aptasensor Geometry. A current—voltage (/I—V) analysis
was accomplished to the electrical characteristics of

VOL.7 = NO.12 = 10563-10571 = 2013 ACINJAN(C)

WWww.acsnano.org

10565



b)

Intensity (a.u.)

1101 L

140016001800 2600 2800
Raman Shift (cm™')

©) 100] d)
T Tr=97.73%

804
604
404
204

Transmittance (%)

0 v T v
400 500 600 700 800
Wavelength (nm)

Figure 2. Characterization of single-layer graphene: (a) HR-TEM image and (b) Raman spectra of single layer graphene on a
silicon oxide wafer; (c) UV—visible spectra of the graphene transferred on PEN film (transmittance at 550 nm); (d) flexible and
transparent graphene film deposited the gold electrodes.
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Figure 3. Field-emission scanning electron microscopy (FE-SEM) images of the graphene surface (a) before and (b) after the
introduction of the aptamer. (c) Fluorescent image of the modified graphene aptasensor without aptamer (left-side) and with
aptamer (right-side). (d) AFM image of the graphene surface immobilized with the aptamer. The yellow line represents a
scanning trace of the graphene aptasensor, which is plotted in the inset.

the flexible and transparent aptasensor. Figure 4a the surface of the graphene film. Although d//dV value
represents the dependence of current versus voltage slightly decreased following the attachment of the
before and after the immobilization of the aptamer on aptamer, the /—V relation remained linear, indicating

AN ET AL. VOL.7 = NO.12 = 10563-10571 = 2013 A@Mﬂ() 10566

WWww.acsnano.org



Pristine Graphene

Graphene/Aptamer

2 - 0 1 2
Ve V)

ds

b) @’

C) -18 — V=1V —V =5V
—v=0v —v=sv
~ ——V=AV —— V=7V
oL _12'—v9=-2v
2 —— V=3V
To BVt
0 . r
0.0 -0.6 -1.2 -1.8
V. (V)

Figure 4. (a) Current—voltage (/—V) curves of the graphene
aptasensor before and after the introduction of aptamer. (b)
Schematic diagram of a liquid-ion gated FET using gra-
phene conjugated with aptamer. (“V,,”, “S” and “D” indicate
gating voltage and source/drain electrodes). (c) lys—Vqs
output characteristics of the aptasensor at different V,
from1to —7 Vinastep of —1V (Vys: 0to —1.8 Vin a step
of 50 mV).

that highly stable ohmic contact is preserved after
introducing the aptamer. A similar result was observed
after the introduction of target ions (see Supporting
Information Figure S2). It can be concluded that the
conjugation of the aptamer on the graphene surface
provided reliable electrical contacts, so that the pre-
sence of Hg?" ions as target analyte can be discrimi-
nated by monitoring changes in the current that arise
due to binding events between the aptamer and the
Hg*" ions. Moreover, the introduction of the aptamer
on the graphene surface was indirectly observed
through changes in the /—V relationship.

To utilize the FET devices as an aptasensor, a liquid-
ion gated FET geometry was constructed. The FET ge-
ometry was surrounded with a phosphate-buffered
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solution (PBS; pH 7.4), which helped maintain efficient
gate control.*" Figure 4b shows the experimental setup
used to characterize the aptasensor under ambient
conditions to investigate changes in the electrical
properties in response to the analyte. Figure 4c dis-
plays the output characteristics of the aptasensor at
different gate voltages (V) in a step of —1 V. The drain-to-
source current (/y4s) negatively increased with nega-
tively increasing gate V,, providing limited range for
p-type (hole-transporting) behavior. Moreover, the
ohmic contact characteristics of the Iy curves were
maintained for all V,, demonstrating that electrostatic
gating effect of the graphene channel, rather contact
resistance, can be the major effect leading to the
electrical current changes in the FET device. Judging
from these results, the aptamer/Hg?" ion interaction
induces a signal of the aptasensor in the liquid phase,
leading to the high-performance flexible graphene-
based aptasensor.

Real-Time Responses of the FET Type Aptasensor. Gra-
phene is widely known to be an ambipolar material
having a Dirac point, which makes the use of graphene
in FETs be possible with either p-type or n-type chan-
nels.*? In our previously reported works, sensing
devices using graphene also exhibited ambipolar be-
havior, but had a response that was both more stable
and sensitive in the p-type region because of the
adsorption of oxygen.3* Therefore, the real-time re-
sponses to the presence of Hg?" ions was character-
ized as measured at p-type region. The Hg?" ions in
solution bind to a specific sequence of the aptamer,
and the resulting electrostatic change at the interface,
induces a change in the electrical signals. Observing
the significant signals allows real-time responses as
well as the label-free recognition in the FET device.*”®
The sensing performance were confirmed by measur-
ing lg4s upon the addition of various mercury concen-
trations. Figure 5a displays the real-time responses of
the aptasensor, as well as that of a pristine graphene
substrate for comparison, indicating that the minimum
detectable level (MDL) of Hg*" ions was ca. 10 pM.
Note that this was 2—3 orders of magnitude more
sensitive than that of Hg sensors using electrochemical
detection. Moreover, the real-time responses from the
FET-type graphene-based aptasensor in response to
changes in the Hg®>" concentration was rapid (on a
time scale of less than 1 s) and clearly meaningful
(signal-to-noise: 3.2), and also the instantaneous signal
changes were observed with wide ranging Hg>" ion
concentrations (10 pM to 100 nM). I4s gradually in-
creased when exposed to higher concentrations of
Hg>", and saturated at ca. 100 nM, whereas the pristine
graphene substrate as a control experiment showed
no significant changes in Iy. The increased Iqs was
observed in current—voltage (I—V) curves of the gra-
phene aptasensor before and after the introduction
of Hg”" ions (see Supporting Information Figure S2).
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Figure 5. (a) Real-time responses and (b) calibration
curve of the aptasensor with various Hg>" concentrations
(10 pM to 100 nM). Graphene substrate without aptamer
was introduced as a control sample. (c) Selective responses
of the aptasensor toward target metal ion (Hg?", 10 pM) and
nontarget metal ions (Cd*", Co®", Ni**,Na™, Pb®", Sr*T, Li*"
and Zn**, 10 mM).

This is mainly because the specific binding of Hg> " ions
is facilitated by the interaction with the thymine base
pairs in the aptamer immobilized on the surface of the
graphene layer. The Hg>™/thymine interaction pro-
ceeds by the displacement of the imino protons of
the thymine group with the Hg?" ions, which forms a
thymine—Hg?" ion—thymine (T—Hg®"—T) complex.
This results in a thermally stabilized duplex structure
because the T—Hg*"—T complex is more stable than
the adenosine—thymine pair. In other words, the inter-
action between the thymine base pairs and Hg>" ions
is more thermodynamically stable than that of the
adenosine—thymine pair. The Hg?" ions immobilized
between two thymines can be reduced from the

AN ET AL.

graphene surface, which accumulates holes as majority
positive charge carriers forming a p-type FET on
the graphene surface. Therefore, adding Hg*" ions at
the consistent gate voltage resulted in a positive
increase in the drain-to-source current (lys). This is
comparable to a p-type doping effect affecting indi-
rectly on the liquid-ion gate dielectric. The displace-
ment of the imino protons of the thymine group by the
positively charged Hg?" ions on the aptamer act as a
negative potential gate effect, which increases the hole
density in the graphene. Considering these results,
specific interactions between the thymine base pairs
and Hg?" ions can increase the current of the apta-
sensor. To further characterize the sensitivity of the
response of the graphene-based aptasensor, the
change in sensitivity as a function of the Hg?" ion
concentration was investigated as shown in Figure 5b.
The sensitive change (S) steadily increased from 10 pM
to 10 nM of the Hg?" ion concentration. The saturation
was observed over 100 nM.

The selective response test toward Hg>" ion was
characterized by including 10 mM concentrations of
the following nontarget metal ions: Cd*", Co?*, Ni*™,
Na™, Pb?", sr**, Li, and Zn*". The results are shown
in Figure 5¢; when the aptasensor was exposed with
nontarget metal ions, no measurable change was
observed in Iy (signal-to-noise: <0.168); however, en-
ough large changes in I4s occurred upon addition of
10 pM concentration of Hg?" ions, which is clearly
meaningful (signal-to-noise: 3.1327) (see Supporting
Information Figure S3). The ability to detect Hg>" ions
with a high selectivity was achieved using the aptamer
with a sequence that is specific for Hg.

Mercury Discrimination from Real World Sample. To char-
acterize the selectivity of the graphene aptasensor, the
mixture with Hg®" ions was dropped into the FET-type
geometry. The real-time sensitivity from aptasensor
was monitored with significant signal compared to
the mixture without Hg>" ions, with the result that
the graphene aptasensor can be selective to the Hg*"
ions (Figure 6a). On the basis of the result, the real
world samples (mussels) were prepared to further
confirm the attractive specificity of the aptasensor
toward Hg®" ions. Mussels are known as biomonitoring
agents of bioavailability and contamination for heavy
metals due to their strong metal-binding property,
which causes the byssal tissue of the mussel to act
as a sensitive biomonitoring organ for heavy metals.
Mussels have a stronger interaction with Hg than with
other heavy metals through glutathione metabolism in
mussel tissues.** 8 Mussels living in the Sea of Korea
were used as real world samples. Inductively Coupled
Plasma-Atomic Emission Spectrometer (ICPE) analysis
was conducted to measure the concentration of Hg*"
ions in the samples; the mussel samples contained
a concentration of Hg>" ions from the nature of
0.3749 mM (see Supporting Information Table S1).
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Figure 6. (a) Real-time responses with 10 pM of Hg”* ion in
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Mixture without Hg2+ was used as a control sample. (b)
Real-time responses from mussel solution as real world
sample.

Figure 6b shows real-time responses of the graphene-
based aptasensor to Hg>" ions in the real world
samples prepared from the mussels. The current signal
change occurred when the aptasensor was exposed
to the solution of the mussel sample, demonstrating
selectivity toward Hg. As these results show, liquid ion
gated FET-type graphene-based aptasensor displays
the ability of mercury discrimination in real world
samples and it can be applied for extensive real sample
applications.

Mechanical Properties of the Graphene Aptasensor.
Although many investigations have been carried out
to improve the mechanical properties of biological and
chemical sensors, fabricating flexible, wearable, and/or
portable devices for practical applications remains a
challenge. The graphene-based aptasensor on the
flexible PEN film has the mechanical flexibility which
was investigated by bending structure. Figure 7a in-
dicates bendable resistance of the aptasensor mea-
sured with respect to bending radius. The initial
resistance before the bending was reconstructed up
to a bending radius of ca. 2 mm, and also the change of
resistance was a small unit even until a bending radius
of ca. 16 mm. These results suggest that the aptasensor
placed on the flexible substrate has a good mechanical
stability and resistance. To investigate a sensing ability
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Figure 7. (a) Variation in resistance of a flexible mercury
aptasensor based on graphene for different bending radius.
(b) Sensing behavior of the aptasensor toward 10 pM of
Hg*" after 100 cycles of bending/relaxing.

following mechanical stress, a fatigue test was per-
formed. The graphene-based aptasensor was bent to a
radius of ca. 2 mm and allowed to relax again, with the
process repeated for 100 cycles. Figure 7b displays the
sensitive response to 10 pM concentration ong2+ ions
following 100 bending/relaxation cycles; the response
decreased by less than 6% following the mechanical
stress. As a consequence, the graphene-based apta-
sensor has extremely good mechanical durability and
flexibility, which shows that excellent flexible biosen-
sors can be fabricated.

CONCLUSION

We fabricated a liquid-ion gated FET-type graphene-
based aptasensor with highly sensitive and selective
responses to various mercury ion concentrations. The
aptasensors consisted of a single layer graphene, with
the surface of the graphene functionalized using
an aptamer that binds specifically to Hg>" ions. The
sensing capability of the aptasensor was demonstrated
by real-time responses and showed an unprecedented
minimum detectable level (10 pM) and rapid response
time of <1 s. Moreover, the aptasensor showed out-
standing selectivity in mixed solutions containing
eight other metal ions. On the basis of the sensing
performances of aptasensor, the graphene aptasensor
was applied to detect mercury ions in real world
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samples, leading to the outstanding mercury selec-
tivity from mussels. In addition, the aptasensor also
had excellent mechanical stability and was highly
flexible. From these results, liquid-ion gated FET-type

MATERIALS AND METHODS

Materials. 1,5-Diaminonapthalene (DAN) and glutaralde-
hyde (GA) were purchased from Aldrich Chemical Co. Mercury-
(I) nitrite monohydrate 98% ACS reagent as well as the
comparison nontarget materials sodium nitrite, strontium ni-
trite, lithium nitrite, copper(ll) nitrite trihydrate, cadmium nitrite
tetrahydrate, cobalt(ll) nitrite hexahydrate, nickel(ll) nitrite hex-
ahydrate, and zinc nitrite hexahydrate were also purchased
from Aldrich. The DNA aptamer for Hg detection was purchased
from Bioneer Co. (Daejeon, Korea). The sequence of the aptamer
was 3’-amine-TTC TTT CTT CCC CTT GTT TGT-C10 carboxylic
acid-5'; the aptamer was modified at the 3’ and 5’ termini. The
aptamer stock solution was diluted with TE buffer solution (tris-
HCL, EDTA and sterile solution).

Fabrication of Graphene on the Flexible Film. The single layer
graphene was fabricated by chemical vapor deposition (CVD)
method and it was grown on Cu substrate using CH,4, H, gases as
carbon source in the cylindrical furnace. The CVD process was as
follows: (1) Place the Cu foil in the furnace, evacuate, and
introduce 8 ccm flow of H, at 90 mTorr for 30 min. (2) Heat to
1000 °C from room temperature, maintaining the elevated
temperature for 30 min. (3) Introduce CH, at 20 ccm flow
and 560 mTorr total pressure for 30 min. (4) Cool the furnace
to 200 °C. The Cu substrate was then removed using copper
etchant, and the graphene was transferred to the flexible
polyethylene naphthalate (PEN) film.

Fabrication of Aptasensor by Surface Modification. To build the FET-
type aptasensor into liquid-ion gated device, gold electrodes
(W/L = 20; L = 200 um channel length) were deposited on the
graphene film using thermal evaporation. Subsequently, the
graphene film with deposited gold electrodes was dipped in
0.02 M DAN with methanol for 15 min. The structure was
exposed to 20 uL of 2% GA dissolved in PBS for 2 h, and then
the modified graphene film was washed using phosphate-
buffered solution (PBS). Finally, the treated graphene film was
exposed to 10 nM aptamer (3’-Amine-TTC TTT CTT CCC CTT GTT
TGT-C10 Carboxylic acid-5') for 6 h (40 «L) and then rinsed with PBS.

Instrumentation. All electrical measurements were operated
with a Keithley 2612A SourceMeter and probe station (MS TECH,
Model 4000). To utilize solution-based measurements, a solu-
tion chamber (200 uL volume) was designed and used. The
fluorescence microscope (Olympus, model IX2-RFA) was used
for monitoring of the atpamer on the surface of modified
graphene. The excitation and emission wavelengths of the
fluorescence microscope were 488 and 532 um. To obtain
fluorescent images, an AnalySIS TS Auto software was used. The
spectrophotometer (Thermo SCIENTIFIC, model NanoDrop 2000/
2000c) was used for measuring the concentration of immobilized
aptamer on the modified graphene surface. Electrical current
change was normalized as Al/ly = (I—Io)/lo, where Iy is the initial
current and / is the detected current for real-time responses.
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devices and be broadly used for analytical real-sample
applications.
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