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Label-Free Electrical Detection of DNA Hybridization on
Graphene using Hall Effect Measurements: Revisiting the

Sensing Mechanism

Cheng-Te Lin, Phan Thi Kim Loan, Tzu-Yin Chen, Keng-Ku Liu, Chang-Hsiao Chen,

Kung-Hwa Wei,* and Lain-Jong Li*

There is broad interest in using graphene or graphene oxide sheets as a
transducer for label-free and selective electrical detection of biomolecules
such as DNA. However, it is still not well explored how the DNA molecules
interact with and influence the properties of graphene during the detection.
Here, Hall effect measurements based on the Van der Pauw method are used
to perform single-base sequence selective detection of DNA on graphene
sheets, which are prepared by chemical vapor deposition. The sheet resist-
ance increases and the mobility decreases with the addition of either com-
plementary or one-base mismatched DNA to the graphene device. The hole
carrier concentration of the graphene devices increases significantly with the
addition of complementary DNA but it is less affected by the one-base mis-
matched DNA. It is concluded that the increase in hole carrier density, indi-
cating p-doping to graphene, is better correlated with the DNA hybridization
compared to the commonly used parameters such as conductivity change.
The different electrical observations of p-doping from Hall effect measure-
ments and n-doping from electrolyte-gated transistors can be explained by
the characteristic morphology of partially hybridized DNA on graphene and
the mismatch between DNA chain length and Debye length in electrolytes.

detection has attracted extensive research
efforts because no fluorescent or electro-
chemical tags are required.”~'% In addition
to the carbon nanotubes, graphene with a
2D structure has been emerging as one of
the building blocks for nanoelectronic bio-
sensors due to its high carrier mobility'!
and low intrinsic electrical noises.l']
Moreover, the conductance of graphene
sheet is highly sensitive to the local per-
turbations from chemicals or charges,
and its two-dimensionality makes it suit-
able to interface with flat cell membranes.
Graphene derivatives, such as graphene
oxide (GO) and reduced graphene
oxide (rGO), have also been extensively
studied.3-11 A number of sensing appli-
cations has been demonstrated using GO
or GO, such as detection of chemi-
cals,l'82 proteins, 22l DNA hybridiza-
tions,?>%°] and cellular activities.*®! The
label free electrical detection of DNA

1. Introduction

Interfacing bio-objects with nanomaterials is becoming one of
the most diverse and dynamic areas of science and technology.
The research of nano/bio interfaces, such as the interaction
between biomolecules and nanomaterial surfaces, is rapidly
growing.ll' Carbon nanotubes are highly sensitive to environ-
mental perturbations; therefore, they have been widely used for
sensors based on electrochemical, optical, or electrical trans-
ductions.?®) Among these approaches, label-free electrical

Dr. C.-T. Lin, T.-Y. Chen, K.-K. Liu, C.-H. Chen,
Prof. L.-). Li

Institute of Atomic and Molecular Sciences
Academia Sinica, Taipei, 10617, Taiwan

E-mail: lanceli@gate.sinica.edu.tw

P. T. K. Loan, K.-H. Wei

Department of Material Science and Engineering
National Chiao Tung University

Hsinchu 300, Taiwan

E-mail: khwei@mail.nctu.edu.tw

DOI: 10.1002/adfm.201202672

Adv. Funct. Mater. 2013, 23, 2301-2307

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

hybridization using bottom-gated devices

produced from GO or rGO has been

reported recently, where the DNA mole-
cules are found to act as potential gating agents that impose
p-doping!?’l in graphene layers. Note that the transfer curves
of these sensor devices exhibit a low on/off current ratio (or
resistor-like behavior); hence, the detection was mainly based
on the device conductivity change.?>?”! Since the conductivity
of graphene materials is very sensitive to the scattering process
from the Coulomb charges including the DNA molecules and
the ions in buffer solution,?8! unambiguous detection of DNA
hybridization based on the conductivity change may require
more specific measurement conditions to demonstrate reason-
able reproducibility. Meanwhile, it is speculated that the inter-
action between rGO and DNA molecules strongly depends on
the size or defect content of the rGO sheets, which in turns
affects the detection performance.’”] The recent success in
obtaining large-area graphene films by chemical vapor depo-
sition (CVD) methods likely make graphene-based biosensors
practical?®3!l because the top-down microlithography fabrica-
tion of biosensor devices is possible for CVD graphene films.
For instance a label-free electrical detection of DNA hybridi-
zation using electrolyte-gated field-effect transistor (FET) con-
figuration based on few-layered CVD graphene films has been
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reported,32331 where the negative shift of the neutrality point
voltage (valley point of the ambipolar transfer curve; Vcyp) is
correlated to the DNA hybridization event. The left shift was
ascribed to the n-doping of graphene from the nucleosides of
DNA.?527] However, some other studies have indicated that the
attachment of a single-stranded DNA (ssDNA) on graphene
results in an increase of hole carrier concentration (p-doping of
graphene).””34 The controversial explanations may arise from
the fact that the transport characteristics of graphene observed
with electrolyte gating are strongly related to graphene/solution
interface properties, which are complicated by the adsorption
of DNA and counter ions on graphene, the screening of DNA
charges by counter ions, as well as the morphology of single-
stranded and hybridized DNA.

In this contribution, we fabricate the devices based on CVD
graphene films for the electrical detection of DNA hybridiza-
tion, where the Hall effect measurement®! and solution gating
experiment can be performed in the same device platform.
The effects on hole carrier concentration, sheet resistance, and
hole carrier mobility for DNA adsorption and hybridization
on graphene devices are systematically studied. Surprisingly,
the sheet resistance (hole carrier mobility) does not exclusively
increase (decrease) with the addition of complementary DNA;
these two parameters also apparently change with the addi-
tion of one-base mismatched DNA. However, the hole carrier
concentration (density) increase is well related to the addition
of complementary DNA, not one-base mismatched DNA, sug-
gesting that the Hall effect measurement involving graphene
is likely a more reliable detection method for DNA hybridi-
zation than the ones based on the conductivity or mobility
change. This work also provides possible explanations for the
different observations in the Hall effect and electrolyte gating
measurements.

2. Results and Discussion

Graphene monolayers were grown on Cu foils by CVD as
reported previously by several groups.?®*l As grown graphene
on Cu was spin-coated with a support layer of poly(methyl
methacrylate) (PMMA),2% and the PMMA/graphene/copper
film was soaked in a ferric nitrate solution at 60 °C for several
hours to etch the copper foil. The PMMA protected graphene
layer was temporarily supported by a glass slide and washed
with deionized (DI) water and hydrochloric acid to remove
metal ions. After cleaning, the PMMA-protected graphene
layers were suspended in DI water again. A 300 nm SiO,/Si
substrate was used to fish the film. For removal of PMMA, The
sample was immersed in acetone at 55 °C to dissolve PMMA,
and then annealed at 450 °C in H,/Ar. Electrodes were made by
applying silver paste at the four corners of the graphene sheets
(5 mm x 5 mm) to form a four-point contacted device for Hall
effect measurements. For the electrolyte gating experiment,
silicone rubber (Dow Corning 3140) was spread surrounding
the edges of graphene to create a reservoir for hosting solution
analytes. These four electrodes were also protected by rubber
for the insulation from electrolytes as schematically illustrated
in Figure 1a. Two of these electrodes are used as source and
drain contacts and a silver wire is used as the gate to realize
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a liquid-gated FET, where the top view of the device built on a
sample holder is shown in Figure 1b. Figure 1c shows the set
up of the Hall effect measurement based on the Van der Pauw
method, where a permanent magnet is used to provide a mag-
netic field. The sample shown in Figure 1b can be positioned at
the center of the magnet. The 12-mer sequences of the probe,
complementary, and one-base mismatched DNA are shown in
Figure 1a.

The procedures to add in the probe, complementary and
mismatched DNA are similar to our previous report.’?l In
brief, before the addition of probe DNA molecules, the pure
phosphate buffered saline (PBS) solution (40 pL) was added
in the reservoir as an electrolyte for obtaining the transfer
curve (drain current vs gate voltage) of the pristine graphene.
After removing the pure PBS buffer solution, the probe DNA
(10 uM in 40 pL PBS buffer) were then added in for 16 h for
allowing their attachment to the graphene surfaces by physical
adsorption. The graphene was then rinsed with PBS solution to
remove the weakly-bound DNA molecules. Hybridization was
performed by adding 40 uL of complementary or one-base mis-
matched DNA to the probe DNA-immobilized graphene device
for 4 h, followed by water rinsing and drying. The pure PBS
(40 uL) was added again in the reservoir as the electrolyte for
measuring the transfer curves. Inset of Figure 2a shows the
transfer curves for graphene FET device before and after each
DNA addition step. The immobilization of probe DNA (10 uM)
onto the pristine graphene does not necessarily cause a con-
sistent left- of right-shift in Vcyp, although the specific sample
discussed in Figure 2a shows a slight left-shift (from 0.45 V to
0.44 V after addition of probe DNA). Supporting Information
Figure S1 shows the electrical results for another two graphene
samples, respectively, presenting the left- and right-shift in
Venp after probe DNA immobilization. However, the hybridi-
zation reaction (by addition of complementary DNA) always
causes a left-shift in Vcyp. Note that the negative shift of the
threshold voltage of carbon nanotube transistors after DNA
immobilization has been attributed to the electron transfer
from electron-rich aromatic nucleotide bases in DNA.’%3° The
electron transfer (n-doping) from DNA to graphene may occur
similarly.?>3% In contrast to the n-doping model, several recent
studies have indicated that molecular gating from the nega-
tively charged ions increases the hole carrier concentration in
graphene, i.e., p-doping, based on the observation that the con-
ductivity increases with the extent of DNA immobilization[?%27-34]
or hybridization!*”! on graphene. To properly characterize the
change of carrier properties in graphene, a direct measure-
ment based on the Hall effect measurement during the sensing
process is performed. The polarity of the carriers in graphene is
determined to be dominated by positive charges (holes), which
is consistent with the common belief that graphene is p-doped
in ambient. Figure 2b shows that the obtained hole carrier
concentration of graphene increases unambiguously with the
concentration increase of attached complementary DNA, either
measured in “dry” (without PBS) or “wet” (in PBS) states. This
trend agrees with the p-doping speculation. New insights are
therefore needed to explain the inconsistency between the left-
shift of Veyp (Figure 2a) and the increase of the hole concentra-
tion (Figure 2b). Note that the “wet” state refers to the measure-
ment when the graphene is covered with PBS solution, where
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5'-AGG-TCG-CCG-CCC-3'
VWWWYWWWVV : complementary DNA
3'-TCC-AGC-GGC-GGG-5'
OR : 1-base mismatched DNA
3'-TCC-AGC-GGC-GTG-5'
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Figure 1. a) Schematic illustration of the graphene device designed for Hall effect and electrolyte gating experiments. Two of these electrodes are used
as source and drain contacts and a silver wire is used as the gate for FET measurements. b) Top view of the device built on a sample holder. c) The
setup of the Hall effect measurement based on the Van der Pauw method, where a permanent magnet is used to provide a magnetic field.

no gate metal is inserted. Hence, the hole carrier density of the
“dry” state does not vary much with that of the “wet” state. It
is commonly believed that there exists an adsorbed moisture
layer on graphene when the graphene is left in air. Therefore,
in our Hall effect measurement, the difference between “dry”
and “wet” states is not very significant.

Figure 3a—c shows the hole carrier concentration, hole car-
rier mobility and sheet resistance for two graphene devices
subjected to the addition of complementary and one-base mis-
matched DNA, respectively. The graphene devices were immo-
bilized with probe DNA before the addition of complementary
or one-base mismatched DNA. These measurements done
in dry and PBS solution, respectively, show a similar trend.
According to Van der Pauw theory, the hole carrier concentra-
tion (n) and sheet resistance (R) are directly determined by the
measurements. And the hole mobility (1) can be evaluated by
the equation: p o< 1/Rn. After we carefully analyze our results
(e.g., in PBS), we observe that in Figure 3a the hole carrier con-
centration of graphene devices (red solid line) increases signifi-
cantly with the concentration of added complementary DNA.
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In contrast, the hole carrier concentration of the devices (blue
dot line) is not affected appreciably by the concentration of the
added one-base mismatched DNA. And the sheet resistance
increase (Figure 3b) caused by complementary DNA (+11.2%)
is smaller than that by one-base mismatched DNA (+21.1%).
Therefore, the hole mobility (Figure 3c) drop caused by the
complementary DNA (-25.4%) becomes larger than that by
one-base mismatched DNA (-18.8%). Measurements for more
devices (shown in Supporting Information Table S1) enable us
to conclude the generality of the observations. From the above
arguments, the sheet resistance increases and the mobility
decreases with the concentration of added either complemen-
tary or one-base mismatched DNA for graphene-based devices.
However, the hole carrier concentration increases significantly
after the addition of complementary DNA but not for the case
of one-base mismatched DNA. This indicates that the change
of sheet resistance or mobility may not be as selective as
the carrier concentration for DNA hybridization. Therefore, the
determination of carrier density is a more sensible detection
method to differentiate the complementary and mismatched
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Figure 2. a) The Vyp as a function of the concentration of added comple- <
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demonstrate that the increased hole carrier density is positively
correlated to the concentration of the complementary DNA.
Note that the change of hole carrier density for the case of non-
complementary DNA is also not obvious (see Supporting Infor-
mation Figure S3). Two other different pairs of 22-mer probe/1-
base mismatched DNA were also examined and the results are
consistent (see Supporting Information Table S2).

To understand the interaction between DNA and graphene
surfaces, several control experiments are performed. Figure 4a
shows that the Vcyp shifts to the left when the graphene device
is immobilized with the nucleoside guanosine. Supporting
Information Figure S4 shows that other nucleosides also induce
a left-shift in Vyp. All the nucleosides similarly reduce the hole
carrier concentrations based on the Hall effect measurements
(see Supporting Information Table S3), indicating that the
nucleosides impose n-doping to graphene sheets. On the other
hand, Figure 4b shows that the Vyp shifts to the right when the

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Conc. of DNA (nM)

Figure 3. a) The hole carrier concentration, b) sheet resistance, and
c) hole carrier mobility for the two probe DNA-immobilized graphene
devices separately subjected to the addition of complementary and one-
base mismatched DNA from 1073 (1 pM) to 10 nM. These electrical char-
acteristics were determined by the Hall effect measurement.

graphene device is immobilized with a double-stranded DNA
(dsDNA). The dsDNA is fully hybridized by mixing the same
molar number of probe and complementary DNA before adding
onto graphene surfaces, where most of the DNA nucleosides
are bonded to their complementary ones and some nucleosides
may directly contact with graphene surfaces, as illustrated in
Figure 4c. The hole carrier concentration of graphene increases

Adv. Funct. Mater. 2013, 23, 2301-2307
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Partially-hybridized DNA

Figure 4. The transfer curves for a graphene device before and after interacting with a) the
guanosine nucleoside and b) a dsDNA hybridized from the probe and complementary DNA.
Schematic illustration for the interaction between graphene and c) fully hybridized dsDNA,

d) ssDNA, and e) partially hybridized DNA.

after the addition of dsDNA. Note that the isoelectric point of
DNA is pH = 5.040# and DNA molecules should be negatively
charged due to the phosphate groups when pH value is above
5.0. Hence, dsDNA should be negatively charged in 1x PBS
(pH = 7.9), where the charges adjacent to the graphene sur-
faces can induce an increase in the number of hole carriers in
graphene. In electrolyte gating, more positive gate voltage is
needed to screen off these negative charges at graphene sur-
faces to reach the Viyp; thus, a positive shift of Vyp is expected
(Figure 4b). As revealed in Supporting Information Figure S5a,
we have verified that the positive Vcyp shift and the increase
of the hole carrier concentration are also observed for a longer
dsDNA, which is formed from one 60-mer probe and one
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12-mer ssDNA (probes) is first added and lies
on graphene surfaces, and the graphene is
affected by the competing interaction from
the nucleosides and the phosphate groups, as
schematically illustrated in Figure 4d; hence,
the direction of Vcyp shift likely varies with
the morphology of the ssDNA adsorbed on
graphene surfaces (see Supporting Informa-
tion Table S5). The control experiments using
long-chain ssDNA molecules (60-mer) also
show the same phenomenon (see Supporting
Information Table S6). Once the complemen-
tary DNA is added, however, the hybridized
DNA strands become rigid and stand up on
the graphene surfaces.*” Since the electro-
lyte gating experiment still reveals a left-shift
in Veyp, we suspect that some of the nucle-
osides from the probe DNA segments are
still strongly adhered to the graphene sur-
faces, and the hybridized DNA segments
are standing up in PBS solution as depicted
in Figure 4e. If we consider the fact that
Debye length of the electrolyte (1x PBS) is =0.76 nm, and our
DNA sequence composed of 12 bases is approximately 4 nm
in length,?”*3] most of the negative charges should lie outside
the Debye length. It is likely that the nucleosides adhered to
graphene play a key role in the left-shift of Vyp. However, the
hole carrier concentration is dominated by the negative charges
adjacent to graphene surfaces, where the negative phosphate
ions of the hybridized DNA segments can still contribute to
the overall hole carrier concentration. Table 1 summarizes the
general observations for Vcyp shift and hole carrier concentra-
tion change for graphene devices with different treatments,
including immobilizations with nucleosides, dsDNA, ssDNA,
and DNA hybridization. This report may stimulate further
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Table 1. The change of electrical characteristics of graphene after interacting with nucleosides and various DNA structures.

Nucleosides Double-Stranded DNA Single-Stranded DNA®) DNA Hybridization
(partially hybridized DNA)
Shift of Veyp (electrolyte gating) left right left (most cases) left
Hole carrier concentration® decrease increase increase (most cases) increase

Determined by Hall effect measurements; P’See Supporting Information Table S5 for
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understanding of the surface interaction between graphene and
biomolecules, and studies on graphene-based biosensors.[*+0l

3. Conclusions

We have constructed liquid-gated FETs based on single-layer
CVD graphene with the detection limit of 1 pM (10712 M)
for DNA hybridization.[*”] However, the interaction between
DNA and graphene surfaces could not be clearly understood
by only examining the FET results. Using the Hall effect
measurement based on Van der Pauw method, we con-
clude that the sheet resistance increases and the hole carrier
mobility decreases with the concentration of added either
complementary or one-base mismatched DNA for graphene-
based devices. Whereas, the hole carrier density of graphene
devices increases significantly with the concentration of
added complementary DNA but is not affected appreciably by
the concentration of added one-base mismatched DNA. This
indicates that the determination of the hole carrier concentra-
tion using graphene devices is a more sensible single base-
specific detection method than the conductivity or mobility
sensing techniques. The differentiation between complemen-
tary and one-base mismatched DNA can achieve high sensi-
tivity at least as low as 10 pM (107'! M). In addition, p-doping
of graphene by DNA hybridization is observed in Hall effect
measurements, but the charge neutral point shifts to left
(indicating n-doping) in a liquid-gated configuration using
the same device. Such an observation can be explained by
the characteristic morphology of partially hybridized-DNA on
graphene, and the mismatch between DNA chain length and
Debye length in electrolytes.

4. Experimental Section

CVD Synthesis and Transfer of Graphene: Large-area graphene films
were synthesized on copper foil (Alfa Aesar, item No.13382, purity:
99.8%) with 25 um thickness by CVD. Prior to growth, the copper foil was
heated in hydrogen from room temperature to 1030 °C during 30 min,
and then kept at 1030 °C for 60 min. While the gas mixture (CH4: H, =
60: 15 sccm) was introduced into the system at 1030 °C, graphene layer
was then formed on the surface of copper. After reaction for 20 min, the
furnace was naturally cooled down. To transfer graphene onto 300 nm
SiO,/Si substrates, the graphene/copper films were spin-coated with a
thin layer of PMMA. The PMMA (MicroChem Co. NANO PMMA 950 K
A4) was utilized as a protective layer, followed by baking at 100 °C for
2 min. The PMMA/graphene/copper films were immersed in a ferric
nitrate solution (0.05 g mL™", J. T. Baker ACS reagent 98%) at 60 °C for
6-8 h to dissolve the copper foil. The PMMA-supported graphene was
washed in DI water and 1 N hydrochloric acid (Riedel-de Haén 37%)
for 20 min. A 300 nm SiO,/Si substrate was used to fish the PMMA/
graphene layers, and PMMA was then dissolved in acetone (). T. Baker
CMOS Grade) at 55 °C for overnight to complete the transfer process.
To decompose all PMMA, graphene sheets were annealed at 450 °C for
45 min under H,/Ar atmospheres (20:80 sccm) at 500 Torr.

Graphene Device Fabrication: Four electrodes were made by applying
silver paste at the corners of graphene sheets (5 mm x 5 mm) to form
the device suitable for Hall effect measurements. And two of these
electrodes were chosen as source and drain contacts for FET operation.
To study the device in liquids, silicon rubber (Dow Corning 3140) was
spread surrounding graphene to create a reservoir. The electrodes were
also protected by rubber for insulation from electrolytes. A homemade
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holder was fabricated by connecting the samples with external circuits,
as shown in Figure 1a.

Immobilization of DNA on Graphene: The single-strain sequence
of probe, complementary, and one-base mismatched DNA (Sigma
Aldrich) we used are presented below: probe) 5-AGG-TCG-
CCG-CCC-3;  complementary) 3’-TCC-AGC-GGC-GGG-5; one-base
mismatched) 3’-TCC-AGC-GGC-GTG-5". The assigned concentrations
of complementary and one-base mismatched DNA were prepared
by diluting them with 1x PBS solution (UniRegion Bio-Tech). 1x PBS
is composed of 13.7 mM NaCl, 0.27 mM KCl, 0.43 mM Na,HPO,,
and 0.147 mM KH,PO,. Firstly the graphene device was incubated in
1x PBS for 2 h, and then 10 uM probe DNA was immobilized on it
for 16 h at room temperature. A following rinsing step with DI water
was carried out to remove weakly bound DNA. The complementary or
one-base mismatched DNA were dropped onto the device in sequence
from 107 nM to 10 nM for hybridization with probe DNA. It took 3 h
for hybridization at each concentration and after that the rinsing step
was always done. A full hybridization experiment was accomplished
as a control study by mixing probe and complementary DNA in 1x
PBS for several hours, and the mixture was then immobilized onto the
device for 3 h, followed by a standard washing process. Moreover, the
electrical signals were not reversible with DNA concentration because
the complementary DNA exhibited strong interaction (through hydrogen
bonding) with the probe DNA. The binding could not be broken simply by
rinsing at room temperature. The detection experiment must be carried
out by adding complementary DNA from low to high concentrations.

Electrical Measurements and Characterizations: The liquid-gated
graphene FETs were measured in a semiconductor parameter analyzer
(Keithley 4200-SCS). During measurement, a silver wire was used as a
gate electrode. For the Hall effect measurement, the electrical properties
of the samples were recorded by an NI PXI-1033 measurement unit.
Raman spectra were collected in NT-MDT confocal Raman microscopic
system (laser wavelength: 473 nm; laser power: 0.5 mW; spot size:
=~0.5 um). The spectra taken from samples were calibrated against a Si
peak at 520 cm™.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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