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Abstract We report on a novel graphene-based
nanoarchitecture modified with plasma-polymerized
propargylamine (G-PpPG) and its application in electrochem-
ical sensors for DNA. Films of G-PpPG were characterized by
X-ray photoelectron spectroscopy and electrochemical imped-
ance spectroscopy. The presence of graphene enhances the
electrochemical activity of the films, and the high density of
amino groups (deposited at a low plasma input power) on their
surface assists in the immobilization of probe DNA on the
water-swollen polymeric network. By contrast, the degree of
hybridization of the total complementary target DNA to the
probe DNA remains unchanged when G-PpPG nanofilms
prepared at higher input power. No substantial non-specific
adsorption of totally mismatched target DNA on the polymer
films is observed because of the complete coverage of the
probe DNA. The detection limit for total complementary
target DNA is approximately 1.84 nmol-L™". The dynamic
range extends from 0.1 to 1,000 nmol-L™". The new nano-
composite may also be used to immobilize other probe DNA
sequences, and this makes the approach potentially applicable
to the detection of other oligomers.
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Introduction

Surface modification through radio frequency (RF) plasma
treatment is expected to be suitable for biomedical or biosen-
sor applications because it is controllable and eco-friendly.
Moreover, highly cross-linked films can be deposited in such
treatment regardless of surface geometries and the formation
of multilayer films. Materials with amino functionality have
attracted attention because of their application in fabricating
biosensors. Amino-functional polymer films prepared through
plasma polymerization includes ethylenediamine [1],
butylamine [2], heptylamine [3], aniline [4], and allylamine
[5]. One of the major conclusions of recent works on plasma-
polymerized allylamine (PPAA) films reveals that their amino
content of these films has an important role on their biosensing
applications. Given that unsaturated monomers can be readily
polymerized in RF plasma, the primary amino groups are
transformed to have imine or nitrile functions [6].
Consequently, monomers with double or triple bonds are
selected during polymerization. For example, PPAA, which
is used as the sensitive layer for biosensors in biomedical or
protein sensing, has been extensively studied [7]. Foerch et al.
[5] used pulsed RF plasma in allylamine polymerization,
successful DNA immobilization, and protein adhesion.
PPAA was also used to modify the surface of quartz particles
to remove humic acid [8]. Rebl et al. [9] reported that the
positive charges of PPAA can control cell physiology, which
is dominant in the integrin receptor that binds to collagen I.
Monomer reorganization always occurs during polymeriza-
tion because numerous bonds breaks as a result of high
electron density and electronic temperature in plasma. This
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phenomenon forms the highly cross-linked structure and sat-
urated bonds of polymers. Hence, most plasma polymers
exhibit poor electrochemical performance and are seldom
used as electrochemical biosensors. By contrast, a high degree
of conjugation is produced in plasma-polymerized
propargylamine (PpPG) because carbon—carbon triple bonds
can dissolve into double bonds, thus indicating that PpPG
films possibly exhibit electrochemical activity [10].

Graphene has recently attracted significant scientific and
technological interest [11]. This material exhibits tremendous
potential in numerous applications, including electronics, en-
ergy storage, and bioscience/biotechnology because of its
unique physicochemical properties such as high surface area
(theoretically 2,630 m?- g for a single-layer graphene), excel-
lent thermal and electric conductivity, and high mechanical
strength. However, the bonding interaction of graphene with
biomolecules, as well as its adsorptive capability, must be
improved because of its poor functionality. Graphene with
amino [12], carboxyl [13], and doping functionalizations
[14] has good biocompatibility and biological detection char-
acteristics [15].

Graphene nanosheets that were modified by using plasma
polymerized pyrrole and allylmaine were investigated in a
previous work [16]; however, no good electrochemical prop-
erty was observed. Considering its advantages, developing a
new kind of electrochemical biosensor, i.e., a graphene-based
nanofilm modified by using PpPG, is significant. In this paper,
a novel and highly sensitive DNA sensor based on nanocom-
posite layers of graphene and PpPG for detecting target DNA
in aqueous solutions is reported. Graphene can enhance the
electrochemical properties of plasma polymeric films.
Although these films have high functionality, they are re-
served toward the biocompatibility of the biosensor matrix.
In this research, the capabilities of these DNA sensing
nanofilms were investigated via electrochemical impedance
spectroscopy (EIS), and a high detection limit of 1.82 nmol-
L™ was observed upon target DNA hybridization.

Materials and methods
Chemicals and regents

Propargylamine was supplied by Aladdin Industrial
Corporation (www.aladdin-e.com, Shanghai, China). The
DNA sequences used were obtained from SBS Genetech
Co., Ltd. (www.sbsbio.com, Beijing, China). Graphene was
supplied by Nanjing XFNANO Materials Tech Co., Ltd.
(www.xfnano.com, Jiangsu, China). All chemicals were
used as received, without further purification. The probe
oligonucleotide sequences used in this study are listed as
follows:
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* PI1(P1,30 mer): 5°-TTT TTT TTT TTT TTT TGT ACA
TCA CAA CTA-3’

e TMM (Target DNA, 15 mer): 5’-TGT GCC TAA GCC
ATA-3°

*  MMO (Target DNA, 15 mer): 5’-TAG TTG TGA TGT
ACA-3’

Pretreating and modifying the Au electrode

Preparing the DNA sensor made from the graphene-based
nanoarchitecture modified by using PpPG (G-PpPG) included
the following processes: (a) Modifying the Au electrode with
the graphene nanosheet, (b) depositing the PpPG film onto the
Au film coated with graphene, (c) immobilizing the probe
DNA onto the G-PpPG film, and (d) hybridizing the MMO
target with the G-PpPG film immobilized with P1. A sche-
matic representation of the fabrication process of the sensitive
DNA sensor is shown in Scheme 1.

Pretreating the Au film was performed according to pub-
lished procedures [17]. The Au films were successively
polished with 0.5 and 0.03 um alumina slurries made from
alumina powder and water on micro cloth pads. After remov-
ing the alumina from the surface by using copious amounts of
water, the Au films were briefly cleaned in an ultrasonic bath,
and then, with ethanol and water between polishing steps.
After being washed with ethanol and water, the Au films were
cleaned in 0.05 mol-L ™' H,SO, by cycling them between
—0.3 and 1.5 V until a reproducible voltammogram was ob-
tained. Then, the Au films were washed with ultrapure water
and dried under a stream of nitrogen.

Modifying the Au films by using graphene nanosheets
involved two steps, as shown in Scheme 1: (a) The treated
Au films were immersed in 0.01 mol-L™" octadecanethiol
(ODT) solution in ethanol for 0.5 h to form self-assembled
ODT layer, and (b) the Au films with a self-assembled ODT
layer were incubated in an ethanol suspension with 1 mg:
mL ™" graphene for 1 h to ensure that they could combine with
the alkyl chains of ODT via intermolecular interaction [18].
Herein, 10 mg graphene was dispersed in 10 mL ethanol and
unltra-sonicated for 10 min to form the graphene -ethanol
dispersion used.

The polymeric films of PpPG were deposited onto the
surface of an Au film, in which propargylamine was used as
the monomer during plasma polymerization by employing a
hydroquinone-2 plasma-enhanced chemical vapor deposition
instrument (Institute of Microelectronics of the Chinese
Academy of Sciences, Beijing, China), as illustrated in
Scheme 1. The RF generator was operated at 13.56 MHz.
Prior to each experiment the samples were activated by argon
plasma at a settled flow rate of 5 sccm (standard cubic centi-
meters per min) for 5 s under a constant procedure pressure of
50 mTorr. The input power was between 5 and 200 W under
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Scheme 1 Schematic procedure
of G-PpPG DNA sensing
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continuous wave (CW). Propargylamine was frozen by liquid
N, to avoid the quick volatilization. Afterward, it was intro-
duced into the reactor chamber together with argon. The
carrier gas was assumed to be saturated with the
propargylamine monomer in all cases. The gas flow rate was
fixed at 30 sccm. Thicknesses of G-PpPG films were form 24
+2 to 78+2 nm for the deposition time within 1 to 5 min at the
input power of 5, 50, and 100 W, which was determined by the
step apparatus. To decrease the possibility of the samples
surface to be oxidized by O, in air, samples were still in the
chamber of the plasma reactor for 10 min after stopping the
plasma irradiation.

Preparing the phosphate buffer and the DNA solutions

Stock DNA solutions were prepared in phosphate buffered
saline (pH 7.4), which was prepared by mixing 8 gNaCL 0.2 g
KCl, 1.44 g Na,HPO,, and 0.24 g KH,PO, in 1 L Milli-Q
water. All solutions were prepared immediately before the
experiments and were stored at 4 °C until use.

DNA immobilization/hybridization on the G-PpPG nanofilms

DNA was immobilized in 100 nmol-L™' P1 DNA phosphate
buffered saline with an immersion time of 24 h. Before anal-
ysis, all samples were thoroughly rinsed with phosphate buff-
ered saline, and then with water. The samples were then dried
under flowing nitrogen. DNA was immobilized in 1 uM probe
DNA phosphate buffered saline solution for 24 h. Before
analysis, each sample was rinsed with phosphate buffered
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Plasma polymerization

of propargylamine

saline and Milli-Q water, and then dried under flowing nitro-
gen. Finally, the DNA immobilized films were immersed in
1 umol-L™" target DNA solution for 24 h, and then, rinsed
with phosphate buffered saline and Milli-Q water.

Characterization studies

X-ray photoelectron spectroscopy (XPS) was recorded on an
AXIS HIS 165 spectrometer (Kratos Analytical Ltd.,
Manchester, UK) with a monochromatized Al Kr X-ray
source (1486.71 eV photons). The nanofilms were analyzed
at a 90° takeoff angle, and the core levels were calibrated
based on the first component of the C 1 s core-level peaks,
which was set at 284.6 eV. The chemical structure of the film
was analyzed by Fourier transform infrared spectroscopy
(FTIR) by using a Nicolet 850 spectrometer (Thermo
Electron Corporation, Massachusetts, USA). The relative
areas of the absorption bands at approximately 3,300 cm ™’
(for -NH, groups) and at 2,900 cm™" (for CH, groups) were
used to estimate and maximize approximate amine functional
group densities. EIS was performed by using a CHI660D
electrochemical workstation (Shanghai CH Instrument
Company, Shanghai, China). A conventional three-electrode
cell was used, including an Ag/AgCl (saturated KCI) electrode
as the reference electrode, platinum slides as the counter
electrode, and Au film substrate as the working electrode.
EIS was obtained at a potential of —0.2 Vg at a frequency
range of 10° Hz to 1072 Hz with AC amplitude of 5 mV. The
spectra were then analyzed using the Zview?2 software, which
uses a non-linear least-squares fit to determine the parameters
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of the elements in the equivalent circuit. All electrochemical
measurements were carried out in 5 mmol-L ™" K5[Fe(CN))/
K4[Fe(CN)g] (1:1) mixture in 0.1 mol-L™" KCI.

Results and discussion
Chemical performance of G-PpPG nanocomposites

The chemical compositions of the G-PpPG nanofilms depos-
ited under different plasma conditions were investigated via
FTIR and XPS. In the FTIR spectra of the G-PpPG nanofilms
prepared under different plasma input powers (Fig. 1), the
adsorption band at ~3,360 cm ! corresponds to amino, imine,
and amide bonds. The peak at ~1,650 cm ™' could be attributed
to the bending vibrations of N—H or the stretching vibrations
of'the C = C or C =N groups. In addition, multiple adsorption
bands at 2,960, 2,940, and 2,880 cm ! were assigned to
aliphatic alkyl groups. Regarding the sample deposited at
200 W (Fig. 1 curve iv), a new weak adsorption band at
2,180 cm ' was clearly observed. This band represents the
stretching vibrations of the C = N group, which were not
present in other samples deposited under plasma input powers
of 5, 20, and 100 W. Comparing the FTIR spectra of the four
G-PpPG nanofilms deposited at different plasma input pow-
ers, the relative intensity of the characteristic N-H peak at
~3,360 cm ' decreased with increasing input power from 5 to
200 W. The same trend was observed in samples deposited at
200 W for different periods. This result could be explained by
the easy decomposition of monomer gas into several smaller
species through the irradiation of plasma at high input power
or through a long period of irradiation, such as that for the C =
N or C = N groups, thus leading to the decrease of N-H
content in G-PpPG nanofilms [5].

Comparing Fig. 1a and b, the influence of plasma irradia-
tion time on the chemical structure of the plasma polymerized
nanofilms was less than that of the plasma input power used.
Hence, the effects of plasma polymerization time on various
characteristics of plasma nanocomposite films, such as surface
morphology, electrochemical property, and sensing activity,
were neglected. All experiments were performed with the
objective of warranting similar thicknesses (2043 nm) of the
G-PpPG nanofilms deposited under different plasma input
powers [19].

The precise chemical structures of the G-PpPG nanofilms
were also confirmed via XPS, in which the atomic% of the
films deposited at different plasma input powers is summa-
rized in Table 1. This table demonstrates that carbon % in the
nanofilms increased, whereas nitrogen % and oxygen % de-
creased with increasing input power used to prepare the G-
PpPG nanofilms. As discussed earlier, numerous species were
produced because of the decomposition of propargylamine
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under high plasma input power [5]. Considering the differ-
ences in the chemical bonds of the G-PpPG nanofilms depos-
ited under different plasma conditions, the fitted curves of C
1 s and N 1 s core-level XPS spectra were collected and
simulated (Fig. 2). As shown in Fig. 2a, the three peaks
centered at ~283.9, ~284.6, and ~286.4 eV were assigned to
the C =C, C-H/C—-C, and C-O/C-N groups, respectively. The
relative content of carbon-related and nitrogen-related groups
in the G-PpPG nanofilms could be deduced from the ratio of
their peak areas to the total peak areas. As shown in the Fig. 2
a, the relative intensity of C—O/C—N in the G-PpPG nanofilms
decreased with increasing plasma input power used. This
result was mainly attributed to the formation of small mole-
cules, such as CO, CO,, NO, or NO,, at a high plasma input
power. These molecules would be pumped out from the
plasma reactor, thus resulting in a decrease in the contents of
C—O/C-N groups in the samples [20]. In addition, the result
demonstrated that the relative intensity of the C = C group in
the G-PpPG nanofilms deposited at 200 W is higher than those
of the samples prepared at 20 W. This phenomenon was
attributed to the equilibrium between the deposition of the
polymer film and the etching of the overlayer of the polymer
films in the plasma [20]. Aside from the presence of C = C in
graphene, the C = C group could also be produced as a result
of the polymerization of C = C bonds in the monomer during
film deposition and alkyl group decomposition in the polymer
chain. Consequently, more C = C groups would be formed at
high plasma input power, thus leading to an increase in its
relative intensity in the G-PpPG nanofilms.

Similar to the N 1 s core-level XPS spectra Fig. 2b, three
peaks were mainly fitted at ~398.8, ~399.3, and ~400.8 eV,
which correspond to the functional groups of C =N, C-N/N—
H, and C-N=0, respectively. As mentioned earlier, monomer
molecules are easily dissociated into smaller species at high
input power. Hence, the C = N group could have resulted from
the dehydrogenized C—N group, whereas the C—-N=0 group
resulted from the reaction of the active surface of graphene
with the irradiated species in plasma. All these processes
reduced the relative content of the C—N or N-H groups in
the G-PpPG nanofilms deposited at 200 W, as shown in
Fig. 2c.

Electrochemical properties of the G-PpPG nanofilms

The semicircle diameter is equal to the electron-transfer resis-
tance, R,,. EIS spetra of the samples at each stage were
summarized in Fig. 3. These spectra were modeled with the
Randles equivalent circuit consisting of solution resistance
(R1), charge-transfer resistance (R2), and constant-phase ele-
ment (CPE) (Fig. S1, Electronic Supplementary Material,
ESM). As shown in Fig. 3a, After ODT was self-assembled
onto the gold surface, the R, value dramatically increased
from 0.26 to 2.79 k2, suggesting that ODT acts as an
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insulating layer and causes the difficulty in the interfacial
electron transfer. While graphene was self-assembled with
ODT, the R, value decreases gravely from 2.79 to 0.67
k. Thus, the presence of graphene could improve the
electron transfer because of the restoration of the graphitic
network of sp® bonds in graphene. For the samples of the
pristine PpPG deposited onto the composite electrode of
Au-ODT under the plasma input power of 20, 100, and
200 W, their EIS spectra are shown in Fig. 3b. As the
plasma input power used in the preparation of the PpPG
films increased from 20 to 200 W, the R,, value of the
composite electrode decreased from 1.91 to 0.67 k.
Additionally, The EIS spectra of the G-PpPG nanofilms
deposited at 20, 100, and 200 W are shown in Fig. 3c, in
which the R,, value decreased from 0.43 to 0.24 k€,
which is smaller than that of the pristine PgPG (Fig. S2,
ESM). It clearly demonstrates that graphene enhances the
electrical activity of plasma polymers in electrolyte solu-
tions. As discussed earlier, a high intensity of C = C
bonds was observed in the G-PpPG nanofilms, which
could enhance the conjugation degree of the plasma poly-
meric film. Subsequently, the electrochemical activity of
the highly conjugated structure of the nanocomposite films
will be strengthened, thus leading to the rapid transfer of
electrons at the interface between the electrode and the
electrolyte solution, and the low R, value of the compos-
ite electrode [21].

Table 1 Atomic% of the G-PpPG nanofilms deposited at the plasma
input powers of 20, 100, and 200 W

Input power used (W) Atomic %

C N (0)
20 75.64 12.65 11.31
100 71.07 11.47 10.98
200 79.37 10.45 9.76

Immobilizing/hybridizing DNA on the G-PpPG nanofilms
detected by EIS

DNA immobilization and hybridization were verified via EIS,
which is ultra sensitive to changes in interfacial impedance on
bio-recognition events occurring at the surface/electrolyte in-
terface [22]. Fig. 4 shows the Nyquist plots, wherein the
double-stranded DNA (dsDNA) was immobilized on the sur-
face of the modified Au electrode by using the G-PpPG
nanofilms deposited at different P;,,,,, values. Given that all
EIS spectra of the samples exhibited similar trends, Fig. 4a
presents only one EIS Fig. of the Au electrode, which was
modified by using the G-PpPG films deposited at 200 W in
5 mM K;[Fe(CN)g]/K4[Fe(CN)g] (1:1) mixture and phosphate
buffered saline (pH 7.4, with 0.1 M KCl) within the frequency
range of 0.01 Hz to 100 kHz with 5 mV as the amplitude. The
simulated R,, values of all samples at different stages of DNA
immobilization/hybridization are summarized in Fig. 4b.
After the deposition of the PpPG films onto the surface of
the Au electrode modified by using graphene, the semicircle
diameter of the EIS spectrum demonstrated an apparent en-
largement compared with that of the Au electrode modified by
using pristine graphene, thus indicating a decrease in the
electrochemical activity of the composite electrode. This re-
sult was mainly attributed to the coverage of the plasma
polymer films, which always exhibits a weaker electrochem-
ical property than the graphene nanosheets, thus leading to the
increase in R,, value of up to 0.105 k(2. Generally, DNA can
be immobilized onto plasma polymeric films that contain a
large number of amino groups via the static—electronic inter-
action between them [23]. When P1 DNA bonded to the G-
PpPG nanofilm, a dramatic increase in R, value was observed
compared with that in the as-prepared G-PpPG film.
Typically, plasma polymeric films swell into a 3D network
in aqueous solutions, in which biomolecules cannot only bond
onto the surface of plasma polymer films, but also penetrate it
[24]. Once a considerable part of the DNA chain is
immobilized in bulk onto the polymer chains, the negatively
charged phosphate groups on the oligonucleotide strands will
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Fig.2 C1sandN I s core-level
XPS spectra of the G-PpPG films
deposited under (a) 20, (b) 100,
and (¢) 200 W

(a)20w,C1s

C-C/C-H

(a') 20w,N1s

C-N/N-H

(b) 100 W, C 15

(c) 200w, C 1s

(b') 100 W,N 1s

(c') 200 W,N 1s

294 291

repel the successive bonding of DNA, thus resulting in signif-
icant DNA chain immobilization on the polymer surface.
Consequently, approaching the electrode surface will be dif-
ficult for [Fe(CN)¢]*”* because of the presence of a huge
amount of negatively charged phosphate groups in the
single-stranded DNA (ssDNA) [25]. In all samples Fig. 4b,
when the TMM DNA was hybridized with the P1 DNA
immobilized onto the G-PpPG nanofilms, no substantial

288

285 282 279 405 400 305

difference was observed between them, thus suggesting that
no non-specific adsorption occurred between TMM DNA and
the plasma films because of the complete coverage of P1 DNA
of the modified electrode [26]. However, after MMO DNA
hybridization with P1 DNA, the R,, value of the composite
electrode apparently decreased, thus indicating the enhance-
ment of the electrochemical activity of the electrodes in the
electrolyte solutions. This trend was also observed in the other

(a) (b) PpPG (¢) G-PpPG
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Fig. 3 Nyquist plots of EIS spectra in 5 mM K;[Fe(CN)]/K4[Fe(CN)s]
(1:1) mixture and phosphate buffered saline (pH 7.4, with 0.1 M KCl)
within the frequency range of 0.01 Hz to 100 kHz, with 5 mV as the
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amplitude of the composite electrode of (a) the bare Au film, Au-ODT,
and Au-ODT-G, (b) Au-ODT-PpPG, and (¢) Au-ODT-G-PpPG nano-
composite films deposited at 20, 100, and 200 W, respectively
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Fig. 4 (a) Nyquist plots of the EIS spectra of the 5 mM K3[Fe(CN)6]/
K4[Fe(CN)6] (1:1) mixture and phosphate buffered saline (pH 7.4, with
0.1 M KCl) within the frequency range of 0.01 Hz to 100 kHz, with 5 mV
as the amplitude of the Au electrodes modified at different stages: (i) G-

system, in which plasma polymer films were used as the
sensitive layer for DNA biosensing [27]. However, this trend
is different from those reported by other researchers [28]. The
actual mechanism behind the improvement in electrochemical
property that resulted from dsDNA hybridization upon Au
electrode modified with plasma polymeric films needs to be
investigated further.

The comparison of R, values deduced from the EIS curves
during DNA immobilization of the three samples deposited at
20, 100, and 200 W Fig. 4b obtained a similar trend. Given
that the electrochemical activity of the Au electrode depended
on the electrode component, variations in R,, values could
represent the amount of biomolecules bonded onto the elec-
trode surface to a certain extent. It shows that P1 DNA would
likely immobilize the Au electrode modified by using the G-
PpPG nanofilm deposited at a low P;,,p,, i.€., 20 W, with the
highest AR,; value of 1.905 k2. As shown in Fig. S 2
(ESM), high-intensity amino groups were reserved in the
G-PpPG nanofilm prepared at 20 W, thus releasing addi-
tional positively charged amino groups, which subsequently
adsorbed more DNA strands than the other G-PpPG films.
No clear non-specific adsorption was apparent between
TMM and the G-PpPG films in all samples. In addition,
nearly the same amount of MMO DNA hybridized with P1
was immobilized on the three G-PpPG nanofilms, in which
the same AR,, R, and yo-R., p1, were obtained. This
result revealed that MMO DNA strands hybridized first
with P1 DNA immobilized onto the surface of the G-
PpPG nanofilms. This situation produced a negatively
charged phosphate-rich matter in the cover layer as well
as a few MMO DNA strands that could hybridize with the
P1 DNA immobilized in the interior of the G-PpPG bulk
because of the repletion interaction among the phosphate
groups. All G-PpPG nanofilms could probably be used for
DNA sensing in the future.

1987
(b)
G-PpPA-P1-MMO
200 - G-PpPA-P]-TMM
I G-PpPA-P1
2 I G-PpPA
-
2 100
N
20

00 05 10 15 20 25
R,k Q
PpPG, (ii) G-PpPG-P1, (iii) G-PpPG-P1-TMM, and (iv) G-PpPG-P1-
MMO. (b) Ret values of the Au electrodes modified by using the G-PpPG

nanofilms deposited at 20, 100, and 200 W at different stages before and
after DNA immobilization/hybridization

Detection limit of the developed DNA sensor

To estimate the efficiency of the hybridization of MMO DNA
with the immobilized P1 DNA, MMO DNA with different
concentrations within the range of 0.1 nM to 1,000 nM were
incubated into the system after P1 was immobilized onto the
PpPG nanofilms deposited at 200 W for 5 min, and were
detected via EIS [Fig. 5a]. As MMO DNA concentration
increased, R,; value decreased corresponding with the forma-
tion of dsSDNA. The difference between the R, value of the
ssDNA immobilized electrode and that after hybridization
with MMO, AR, =R.; mmo—Re:, p1, Was adopted as the mea-
surement signal. The AR,, value was linear with the logarithm
of'the concentration of MMO [Fig. 5b]. The dynamic detection
range for MMO DNA was from 0.1 nM to 1,000 nM, with the

1.0
0.8
a 0.6
f 0.1
: 0.4 1
N 10
100
0.2 1000 nM
0.0 r r .
0.0 04 0.8 1.2 1.6

7'1kQ

Fig.5 (a) Nyquist diagrams recorded by using the Au electrode modified
by the G-PpPG nanofilm deposited at 200 W for 5 min with P1 DNA after
hybridization with MMO at different concentrations: 0.1, 1, 10, 100, and
1,000 nM
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Table 2 Previous assay techniques for DNA biosensing

Sensitive layer Detection technology Linear range LOD References
Polyaniline/polyacrylate -modified boron-doped diamond electrode EIS 50-200 nmol-L™" 20 nmol-L™" [29]
Two-dimensional 3-mercaptopropyltrimethoxysilane EIS 10-1,000 nmol-L™" 5 nmol-L™" [30]
Poly(Pyco-PAA) EIS 2-200 nmol-'L™" 098 nmol-L™"  [31]
Electropolymerized polypyrrole/multi-wall carbon nanotubes DPV 0.5-10 nmol-L™" 0.085 nmol-L™" [32]
Plasma-polymerized hexamethyldisilazane Quartz crystal microbalance 86-468 ng mL ' 86 ng mL ' [33]

Gold nanoparticles fluorescence quenching 1.4-92 nmol-L™" 2 nmol-L™! [34]
Polypyrrole Surface plasmon resonance  0.12—120 nmol-L™" 10 nmol-L™ [35]

regression equation AR,,=1.54-0.41 logcamio, and the regres-
sion coefficient (R)=0.996. The detection limit was estimated
to be 1.84 nM, which is comparable with those of previous
assay techniques based on EIS, QCM, and SPR (Table 2).

Conclusions

In summary, a new graphene-based nanocomposite film mod-
ified by using a conjugated plasma polymer, i.e., G-PpPG,
was developed. The new film exhibited high electrochemical
performance. The chemical structure of the G-PpPG
nanofilms depended on the plasma conditions used during
plasma deposition, including plasma input power and poly-
merization time. At low P;,,,, the G-PpPG nanofilms
contained considerable amino groups, and helped DNA im-
mobilization via the electro—static interaction between the
negatively charged phosphate groups of DNA and the posi-
tively charged amino groups of the films. This finding sug-
gests that the probe DNA did not only immobilize onto the
nanofilm surface, but also into the interior of the polymeric
network, thus leading to a decrease in the electrochemical
activity of the composite electrode. Unlike other systems used
in DNA biosensors, the electrochemical activity of the novel
system improved through the formation of the double helix
dsDNA after the MMO DNA was hybridized with the probe
DNA. Challenges and issues remain at the interface of the
dsDNA and the electrolyte in plasma polymeric films.
Moreover, the amount of dsDNA exhibited no clear change
among the G-PpPG nanofilms deposited at 20, 100, and
200 W. The developed oIDNA sensor based on the G-PpPG
films presented a detection limit of 1.84 nM, with an MMO
concentration from 0.1 nM to 1000 nM. This fabricated elec-
trochemical biosensor can be used to detect other biomolecules.
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