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Abstract The authors describe a three-dimensional (3D)
structure composed of graphene and DNA for use in a
voltammetric dopamine (DA) sensor. The material was depos-
ited on a gold electrode, and the enhanced charge-transfer
performance and deposition of DNA were confirmed by elec-
trochemical analysis. Atomic force microscopy shows the
graphene-DNA composite to have been assembled on the
modified gold electrode. The modified gold electrode pos-
sesses excellent electrocatalytic activity for determination of
DA, best at a working voltage of 0.1 V (vs. SCE). Ascorbic
acid does not interfere. Response to DA is linear in the 0.1 to
100 uM concentration range, with a 30 nM detection limit
even in the presence of 1.0 mM of ascorbic acid.

Keywords AFM - Electrochemical impedance spectroscopy -
DNA - Hexacyanoferrate - Laviron theory

Introduction

Dopamine (DA) plays a significant role in the function of
the central-nervous, renal, and hormonal systems as an
important neurotransmitter. DA is believed to be related
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to several diseases, and low levels of DA may cause neu-
rological disorders, such as Parkinson’s disease, schizo-
phrenia, and Huntington’s disease [1]. Precise and efficient
detection of DA is needed in order to gain a better under-
standing of its physiological functions and mechanisms of
action in the human body. However, the basal concentra-
tion of DA is low (10-1000 nM), and ascorbic acid (AA),
which has similar properties, is an interfering compound.
There are many methods for the detection of DA, such as
high-performance liquid chromatography-mass spectrome-
try, fluorescence spectrometry, and electrochemical and
electrochemiluminescence techniques. Among these
methods, electrochemical sensors are the most promising
and desirable for diagnostic sensing owing to their rapid
response, high sensitivity, ease of operation, and low cost
[2]. However, electrochemical detection of DA is always
subject to interference by ascorbic acid (AA), which coex-
ists with DA in biological samples and has a similar oxi-
dation potential. The complete elimination of AA interfer-
ence thus merits further investigation.

Graphene has attracted much attention because of its
unique physical and chemical properties [3]. As a nanosheet,
its excellent electronic transport properties, high mechanical
strength, and high surface area have stimulated considerable
research in graphene-based applications, such as sensors,
nanoelectronics, and supercapacitors [4]. Duplex DNA-
stored genetic information has a unique and perfect structure,
with aromatic heterocycles of base pairs extending in parallel
along a helical axis. Its well-stacked base pairs have charge
transfer properties [5], but can also be used as a recognition
element in electrochemical sensors.

Effective Assembly is a powerful technique for the construc-
tion of hierarchical graphene-based architectures with novel
functionalities [6]. In particular, the assembly of nanoscale
graphene into three-dimensional (3D) hierarchical architectures
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produces new physiochemical properties which are remarkably
different from those of both the individual building blocks and
the bulk materials, extending the possible applications of
graphene [7]. Over the past five years, graphene-DNA hybrid
materials have attracted much attention because of their great
promise in the fields of hydrogels [8], drug delivery [9],
aptamer sensors [10], sensor arrays [11], nanocomposites
[12], and surface plasmon resonance chips [13]. However, little
attention has been paid to the charge-transfer capability of
graphene-DNA hybrid materials. We are interested in the rapid
charge transfer capabilities of stacked base pairs in double-
stranded DNA and the electronic transport properties of
graphene [14], due to their potential for application in electron-
ics, photonics, sensors, and chip fabrication [15].

Many graphene-based materials have been used to fabricate
the electrochemical interface for sensing DA [16—19].
However, these compounds are mostly immobilized on a glassy
carbon electrode, which limits the application of these sensors,
such as in chips for clinical tests. In this article, we report on
controllable and ordered of graphene quantum dots (GQDs)
and DNA, as shown in Scheme 1. Here, a gold electrode was
used as the base interface for the construction of an electro-
chemical sensor. A superimposed 3D structure of graphene-
DNA was fabricated based on layer-by-layer (LbL) assembly.

Experimental
Materials and reagents

1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-
ride (EDC), 6-mercapto-1-hexanol (MCH),

Scheme 1 Schematic diagram of
the GQDs with DNA and the
subsequent fabrication of multi-
layered GQD-DNA electrodes
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hexammineruthenium(III)-Ru(NH3);Cl; (RuHex), DA hydro-
chloride, and acidum ascorbicum (AA) were purchased from
Sigma Chemical Co. Ltd. (www.sigmaaldrich.com). N-
hydroxysuccinimide (NHS) was purchased from
Sinopharm Chemical Reagent Co, Ltd. (en.reagent.com.
cn) graphene oxide (GO) and graphene quantum dots
were purchased from Nanjing XFNANO Materials Tech
Co., Ltd. (http://m.xfnano.com, China). NaCl, NaH,POy,,
Na,HPO,, K;[Fe(CN)g], K4[Fe(CN)g], and KCl were
purchased from Beijing Chemical Works (www.
beijingchemworks.com, China). All reagents were of
analytical grade. Ultrapure water prepared using a Milli-
Q system (Millipore, www.merck-china.com) was used in
all of the experiments. The four labeled single-stranded
oligonucleotides (ss-DNA) used in the experiments were
synthesized by Shanghai Sangon Biotechnology
Corporation (www.sangon.com, China). The sequences
of the four ss-DNA used in this work are given in Table 1.
All of the double-stranded DNA (dsDNA) were obtained
by the hybridization of ssDNA using a Bio-RAD T100 ther-
mal cycler in phosphate buffer (5 mM 0.1 M NaCl, pH = 7.4).
dsDNA, was obtained by mixing ssDNA-1 and ssDNA-2 in a
1:1 M ratio and then incubating at 90 °C for 1 min before
slowly cooling to room temperature. dsSDNA; was assembled
on the gold electrode surface. dSSDNA, was formed by hybrid-
ization of ssSDNA-3 and ssDNA-4 using the same process as
described above and then assembled on the GQD surface.

Apparatus and measurements

Electrochemical measurements were performed on a
CHI660E electrochemical workstation with a conventional
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Table 1 Sequences of

the four ss-DNA used in Sequence

this Work
ssDNA-1 5'-NH,-C6-CGT CCG A-3'
ssDNA-2 5'-SH-C6-TCG GAC G-3'
ssDNA-3 5'-CGT CCG A-3’
ssDNA-4 5'-NH,-C6-TCG GAC G-3’

three-electrode cell (Shanghai CH Instrument Company,
China). A modified gold electrode was used as the working
electrode. A saturated calomel electrode (SCE) and a platinum
wire were used as the reference and counter electrodes, respec-
tively. The surface morphologies of the modified gold elec-
trode were determined using a Dimension 3100 atomic force
microscope (Bruker, USA).

Fabrication of the sensor

Before sensor fabrication, the gold electrodes (diame-
ter = 2 mm) were polished with alumina slurries
(0.02 ~ 0.05 um) on soft microfiber polishing pads. The gold
electrodes were then purified by treatment with a piranha so-
lution consisting of 70% concentrated sulfuric acid and 30%
hydrogen peroxide for 20 min. Next, sonication was per-
formed, followed by successive ultrasonic cleaning for
3 min in ultrapure water, then ethanol, then ultrapure water.
The electrode was allowed to dry in N,. dsDNA; (10 uL of
50 uM) was assembled on the clean gold electrode via S-Au at
room temperature for 14—18 h in a humid environment with
100 mM MgCl, to form the monolayer dsDNA;. The elec-
trode was then backfilled with 6-mercapto-1-hexanol in phos-
phate buffer for 60 min. Following this, GQDs (1 mg mL ™",
10 uL) with 0.1 M EDC (1 uL) and 0.1 M NHS (0.5 uL) were
coated onto the dsDNA;| modified gold electrode for 6 h at
room temperature in a humid environment. The modified elec-
trode was named the GQD/dsDNA/Au. Finally, dsDNA, so-
lution (10 uL of 50 uM) with 0.1 M EDC (1 uL) and 0.1 M
NHS (0.5 uL) was dropped onto the GQD/dsDNA /Au elec-
trode for 6 h under the same conditions. After each step in the
assembly process, the electrode surface was rinsed thoroughly
with phosphate buffer and ultrapure water to remove nonspe-
cifically absorbed materials and then dried with nitrogen
stream.

Electrochemical measurements of the sensor

To detect dopamine, the dsDNA,/GQD/dsDNA/Au elec-
trode was incubated in dopamine solution for 15 min (the
optimal conditions), and the measurement of dopamine was
then conducted on a CHI660a electrochemical workstation
with a potential range of —0.2 ~ 0.4 V. Differential pulse volt-
ammetry (DPV) was used for selective detection of DA
throughout.

Results and discussion
Choice of materials

Among graphene and its derivatives, graphene quantum dots
are characterized by a well-defined structure, consisting of a
few layers of nanosheet, and have edge effects and oxygen-
containing groups (Fig. S1). Moreover, their large surface ar-
ea, water solubility and low cytotoxicity make them more
suitable for sensor applications. [20] The rapid charge transfer
of stacked base pairs in double-strand DNA and the electronic
transport properties of GQDs have been noted. In addition,
DNA can be a good probe for the sensitive detection of neu-
rotransmitters [21, 22]. It is concluded that using DNA and
graphene as the sensing element may result in the sensitive
detection of DA.

Morphological characterization of the modified electrode

Atomic force microscopy (AFM) was used to directly visual-
ize the morphology of a freshly gold sprayed mica surface
following the immobilization of the DNA and GQDs.
Figure 1 shows a sequence of AFM images showing the mod-
ification process of the gold surface. The 2D images of
dsDNA/Au, GQD/dsDNA/Au, and dsDNA,/GQD/
dsDNA/Au show that they all have uniform morphologies
and that each morphology is different. The typical top view
of dsDNA assembled on the gold surface in Fig. 1a shows
spherical particles [23]. When GQD sheets cover the top of
dsDNA;, the surface becomes smoother (Fig. 1b). These
spherical particles join into ribbons, which is consistent with
the scheme. dsDNA, was then immobilized on the GQD sur-
face, and particles formed, again. Therefore, each assembly
process is in accordance with Scheme 1. In addition, X-ray
photoelectron spectroscopy (XPS) of the high-resolution Cls
peaks confirmed that C = C, C = O bands exist on the sensor
interface (Fig. S2). Moreover, the changes of the area of Cls
spectra of dsDNA1/Au, GQD/dsDNA,/Au, dsDNA,/GQD/
dsDNA/Au are reasonable. These results show that bio-
nano-structures were formed.

The heights of the particles were obtained from 3D images
and their height profiles. The uniformity in height shows that
GQDs and DNA are free of superposition and do not overlap.
As shown in Fig. 1b’ and ¢/, the average height of dSDNA and
the GQDs is about 2 nm. This is similar to the length of the 7
base pair dsDNA (the length of 3 bases is about 1 nm) and the
thickness of the GQD. The height analysis extracted from
typical AFM images confirmed that DNA-GQD assembly
resulted in a layered bio-nanostructure. The bonding groups
on graphene and DNA efficiently guide the assembly process,
which facilitates the controllable assembly of graphene and
DNA into precise and predictable architectures.
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Fig.1 AFM image: dsDNA, on the gold interface (2D image (a), 3D image (a’) and height profile (a”)); GQDs on the dsDNA/Au (2D image (b), 3D
image (b’) and height profile (b)); dsSDNA, on the GQD/dsDNA,/Au (2D image(c), 3D image (¢’) and height profile (¢”))

Electrochemical impedance spectroscopy analysis

Electrochemical impedance spectroscopy (EIS) is a highly effec-
tive method for probing the features of a surface-modified elec-
trode using a [Fe(CN)s] > * redox probe. In this study, EIS was
performed in order to investigate changes in the charge-transfer
resistance (Rct) of each surface modification step, as shown in
Fig. 2. For the bare gold electrode, the impedance spectrum
includes a semicircular portion at higher frequencies, which is
related to the electron-transfer-limited process and a linear part at
lower frequencies corresponding to diffusion. The increase in the
diameter of the semicircle reflects the increase in the interfacial
charge-transfer resistance. As shown Fig. 2, in the case of the
bare gold electrode immobilized dsDNA, the value of Rct in-
creased to 2000 €2. This is because the immobilization of nega-
tively charged dsDNA; on the electrode surface results in a neg-
atively charged interface which electrostatically repels the nega-
tively charged [Fe(CN )6]_3/ ~* redox probe and inhibits interfacial
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charge transfer [24]. Subsequently, GQDs were fixed on the top
of the dsDNA |, and the value of R decreases from 2000 to 600
Q. GQD-modified dsDNA/Au (GQD/dsDNA /Au) showed a
much smaller Ret value than dsDNA/Au, indicating that GQDs
are an excellent electrically conducting material for the accelera-
tion of electron transfer [25]. After dSSDNA, was loaded onto the
GQD/dsDNA /Au, the value of Ret greatly increased to 1000 €2,
which is higher than that for GQD/dsDNA/Au under the same
conditions. This result is attributed to the large amount of
dsDNA,, linked to GQDs.

Cyclic voltammetry (CV) is also an effective method for prob-
ing the features of a surface-modified electrode, as shown in
Fig. S3. The CV curves show that GQDs greatly promote elec-
tron transfer and the relative magnitude of the redox peak cur-
rents is as follows: GQD/dsDNA/Au > dsDNA,/GQD/
dsDNA /Au > dsDNA/Au. These results are consistent with
EIS. Considering the results of EIS and CV, the electrode appears
to have been formed by layer-by-layer superimposition, produc-
ing a 3D structure.

Electron transfer analysis

In order to improve sensor sensitivity, different methods have
been used, such as catalysis, circulation amplification and in-
creased electrode area. Of course, a higher intensity electron
transfer interface will result in highly sensitive detection.
Laviron theory was used to determine the electron-transfer rate
constant (k) of this sensor depending on RuHex redox [26, 27].
Fig. S4 (2°), (b’), and (c’) show plots of the peak potential (Ej,.)
versus the natural logarithm of the scan rate (In v). In the scan
rate range 1-13 V/s, the plots of E,.-E”’ against In v are linear
with slopes of -RT/anF for the cathodic peak [28]. k can be
obtained by means of the Laviron equation (Table 2). An in-
creasing DNA-mediated charge-transfer rate is observed in this
system, which is 7.26 s ! when the GQDs link to dsDNA; and
dsDNA, compared with 5.94 s ! for dsDNA,/Au. However,
charge transfer in DNA is more difficult when GO is linked to
dsDNA, and dsDNA (electron-transfer rate 5.26 s_l). The ex-
perimental results clearly indicate faster electron transfer at the
dsDNA,/GQD/dsDNA,/Au interface. As a carbon-based
nanomaterial, GQDs have a highly efficient electron-transfer
rate, which promotes electron transfer between the DNA probe
and the electrode surface. Similar behavior was observed on the

Table2  Surface Coverage, I, and the ET Rate Constant, Ks, Estimated
for dsDNA /Au, dsDNA,/GQD/dsDNA ;/Au and dsDNA,/GO/dsDNA,/
Au

Ks /s (CV) T pmol cm™>
dsDNA/Au 5.94 8.83
dsDNA,/GQD/dsDNA {/Au 7.26 11.47
dsDNA,/GO/dsDNA/Au 5.26 1.23

modified electrodes in the presence of the [Fe(CN)s] > cou-
ple by EIS (Fig. 2), confirming the CV results.

Quantification of immobilized DNA

The amount of the DNA on the electrode surface can be esti-
mated using the effective surface concentration:

I'pna = %% (1)
where A is the electrode area in cm? (0.03 cm?), z is the charge
on RuHex (z = 3), m is the number of bases in the duplex DNA
(m = 7), and Q is the reductive signal from RuHex minus the
redox reporter signal from the phosphate buffer. Using eq. 1, the
I values were calculated to be 8.83 and 11.47 pmol cm 2 for
dsDNA;/Au and dsDNA,/GQD/dsDNA;/Au respectively
(Table 2), indicating a clear increase in the amount of DNA on
the surface of the GQDs compared to gold. This behavior can be
attributed to the high surface area of GQDs providing ultrahigh
loading capacity for analytical molecules [29]. In addition,
graphene oxide (GO) was used in place of GQDs to fabricate
dsDNA,/GO/dsDNA ;/Au, and the I" value of dsDNA, was
1.23 pmol cm 2. This can be attributed to differences between
the structures of GQDs and GO. There are more COO ™ groups
on the GQDs than on the GO surface per unit area. These con-
nect with amino-modified DNA (dsDNA,). Therefore, GQDs a
have higher immobilization capacity than GO does.

Electrochemical behavior of dopamine on the sensors

Figure 3 shows differential voltammetry of 200 uM DA in
0.1 M phosphate buffer at the bare gold and modified elec-
trodes. The differential voltammetry (DPV) curve of bare gold
shows a slight peak current at 0.1 V (Fig. 3, curve a), which is
in agreement with the electrochemical behavior of DA in
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Fig. 3 Differential Pulse Voltammetry curves in 0.1 M phosphate buffer
(pH 7.4) containing 200 uM DA, at bare Au (a), dsDNA;/Au(b), GQD/
dsDNA /Au(c) and dsDNA,/GQD/dsDNA ;/Au(d)
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previous reports [1, 30, 31]. The peak current clearly increases
after dSDNA; assembly on the gold surface (Fig. 3, curve b).
This is because at the measured acidity (pH 7.4), DA
(pK, = 8.9) is positively charged. Therefore, protonated DA
easily permeates into and accumulates within negatively
charged dsDNA, on the electrode interface by electrostatic
attraction, which results in a large redox response [21].
Curve c in Fig. 3 shows a better electrochemical response
for DA sensing at GQD/dsDNA ;/Au than at the bare Au elec-
trode. This indicates that the 7-interaction between the aro-
matic ring of DA and graphene may accelerate electron trans-
fer, which increased the DA response. However, the peak
current of DA is slightly less than that for dsDNA/Au.
Therefore, it is concluded that DNA modification is better
for the DA electrochemical response. After dsDNA, was
immobilized on the GQDs, the peak current of DA was higher
than with the other electrodes. This is not only due to the DNA
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Fig. 4 a Effect of scan rate on the cyclic voltammograms of DA with
dsDNA,/GQD/dsDNA;/Au in 0.1 M phosphate buffer (pH 7.4) at 5, 10,
20, 30, 40, 50, 80, 100, 120, 150, 180, 200, 300, 400, 500, 600, 700, 800,
900, 1000 mV s '. b Plots of peak currents (i) vs. scan rate
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effect, but also reasoned by the increased amount of DNA on
the GQD surface.

Effect of the scan rate

To further investigate the electrochemical behavior of DA at
the dsDNA,/GQD/dsDNA;/Au electrode, we investigated
the effect of the scan rate. Figure 4a shows cyclic voltammo-
grams of DA in 0.1 M phosphate buffer (pH 7.4) at the
dsDNA,/GQD/dsDNA /Au electrode with different scan
rates. The anodic and cathodic peak currents increase with
increasing scan rate. The corresponding plots of the peak cur-
rents against scan rate are shown in Fig. 4b. Both the anodic
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Fig. 5 a Differential Pulse Voltammetry at the dsDNA,/GQD/dsDNA/
Au electrode of AA (1 mM) and DA with increasing concentrations (from
(a) to (): 0.1, 1, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, and then with
100 uM increments until 500 uM). Inset: Differential Pulse Voltammetry
at the dsDNA,/GQD/dsDNA/Au electrode for AA (I mM) in the
presence of DA with different concentrations (0 uM and 10 uM). b
Dependence of the response currents of the dsDNA,/GQD/dsDNA,/
Au electrode on the concentration of DA (from 0.1 pM to 500 uM).
Inset: linear relationship between peak current and concentration (from
0.1 pM to 100 uM)
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Table 3 Comparison with other

sensors for DA detection Linear range Detection References

(M) limit (nM)

Gr-PPy-Fe;0, /GCE 0.007-2.0 233 [35]
G-CN/GCE 0.1-100 50 [36]
MnO,-GO/GCE 0.5-2500 170 [37]
Polymer-CN/GCE 5-1000 2300 [38]
Porous gold nanosheet/GCE 2.0-298 280 [39]
AuNPs/carton nano/GCE 0.03-6.0 10 [40]
naphthoquinone/Au 1-100 40 [41]
GO /GCE 0.05-50 10 [42]
PPy-RGO/GCE 0.01-10 1 [43]
HAu-G/GCE 0.08-600 50 [44]
ERGO/GCE 0.5-60 500 [45]
RGO/Pd-NPs/GCE 0-150 230 [46]
DNA/GQDs/DNA/Au 0.1-100 30 This work

and cathodic peak currents follow a linear relationship with
scan rate in a range 0.005—-1 V s~ and with linear correlation
coefficients 0f 0.9993 and 0.9986, respectively. This indicates
that the electrochemical oxidation of DA at the dsDNA,/
GQD/dsDNA/Au electrode is a surface-controlled process
rather than a diffusion-controlled process [30].

Electrochemical determination of DA

A major problem in electrochemical detection of DA is inter-
ference from ascorbic acid (AA), because the two molecules
oxidize at very similar potentials, resulting in overlapping
voltammetric responses. The DPV responses of different con-
centrations of DA with AA at the dSDNA,/GQD/dsDNA ;/Au
electrode are shown in Fig. 5(a). Only the peak corresponding
to the oxidation of DA can be seen. Therefore, interference
from AA can be completely eliminated by using the bio-nano-
structure layer. The lack of AA oxidation is due to two factors:
(1) negatively charged DNA and COO ™ groups on the GQDs
electrostatically repel negatively charged AA (pKa =4.2) and
inhibit interfacial charge transfer; and (2) it is difficult for AA
to approach the sensing interface by 7r-interaction because AA
does not contain an aromatic ring.

Electrochemical oxidation of DA occurs at ca. 0.10 V and
the peak current of DA is proportional to the concentration of
DA (cpy) in the range 0.1-100 uM, which can be described

by the linear equation I, (LA) = 0.01258cpa + 0.02891 (1A)
with a correlation coefficient 0f 0.9992, as shown in Fig. 5(b).
The limit of detection (LOD) is calculated to be 30 nM based
on the signal-to-noise ratio of 3. Compared with other DA
sensors (Table 3), the DNA-GQD self-assembled electro-
chemical sensor in this work is more sensitive, and has a
relatively low LOD and concentration range of DA.
Moreover, compared with previously reported DA sensors
[32-34], the sensor presented in this work has the following
merits: (1) The gold surface serving as the basis for the devel-
opment of a high throughput detection chip is more conve-
nient, and (2) chemical bonding means that the sensor has
better stability and reproducibility than sensors fabricated by
physical adsorption of graphene-related materials.

The sensor has good reproducibility, with a relative standard
deviation (RSD) of 3.8% for eight different electrodes. The
stability of the sensor was also tested (shown in Fig. S6). The
peak current remained 97% following storage of the dsSDNA,/
GQD/dsDNA |/Au electrode at 4 °C for 21 days. The use of the
method in the analysis of real samples was also investigated by
the direct analysis of DA in human serum samples. All the
serum samples were diluted 100 times with 0.1 M phosphate
buffer (pH 7.4) before measurement. The experimental results
(obtained from the average value of three independent
tests) are described in Table 4. The recoveries presented
acceptable values from 92.8% to 107.04%, with relative

Table 4 Determination of DA in

human serum samples (n = 3) Serum DA in diluted Added (uM) Found (uM) R.S.D. (%) Recovery (%)
sample sample (M)
0 10 9.28 53 92.8
0 25 26.76 1.5 107.04
0 50 48.42 23 96.84

@ Springer



2956

Microchim Acta (2017) 184:2949-2957

standard deviations of 1.45-5.28% (n = 3), indicating that the
assay can potentially be used for determination of DA in real
samples under the experimental conditions described.

Conclusion

A 3D structure of graphene and DNA immobilized on a gold
electrode and fabricated by layer-by-layer superposition is re-
ported. AFM and electrochemical analysis clearly show that
graphene-DNA possesses an ordered 3D bio-nano-structure
and high charge-transfer performance. Moreover, the
dsDNA,/GQD/dsDNA/Au electrode was successfully used
to determine DA in the presence of a high concentration of
AA. It showed excellent electrocatalytic activity for determin-
ing DA and a response to the interfering agent AA was entirely
absent. The electrochemical response to DA shows a good
linear range and a very low detection limit. We believe that
this bio-nano-structure and the electrochemical information
provided here can serve as a benchmark for graphene-DNA
sensor performance.
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