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The demand for high-quality graphene for electronic applications is increasing due to its high carrier
mobility and electrical conductivity. In this connection, printing technology is a reliable method towards
the fabrication of conductive, disposable graphene-based electrode for low-cost sensor application.
Herein, we aimed to report the synthesis of high-quality graphene nanosheets obtained by electrochem-
ical exfoliation of biomass-derived from corn cob. The conductive ink was prepared from this exfoliated
graphene and was utilized for the preparation of paper-based graphene electrode towards double
stranded DNA (dsDNA) sensor application. This paper, based graphene electrode opens the possibility
of direct electrochemical analysis of analyte without any sample preparation. In this study, two irre-
versible oxide peaks were obtained from paper-based printed graphene electrode, corresponds to oxida-
tion of guanine (G) and adenine (A) of dsDNA in the linear range of 0.2 pg mL™! to 5 pg mL™! with the
detection limit of 0.68 pg mL~" and the sensitivity of 0.00656 mA pg~' cm~2. Further, a small-scale print-
able circuit is fabricated using this graphene shows good conductivity of 1.145x103(S/m).
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1. Introduction

New type of nanomaterials and nanocomposite with amazing
new properties created a great revolution in science [1-5]. Wide
range application of nanoparticles and nanocomposites confirms
their unique and interesting properties [5-10] Graphene, a first-
ever discovered 2D crystalline material comprised of single-layer
carbon atoms, which holds great attention and efforts in the field
of material science [11,12]. This material reveals numerous leading
potential applicable ventures. Graphene has higher magnitude of
crystallinity, tunable bandgap possibility and possesses a multi-
functional property of electronic [13-16], mechanical [17-19],
optical [20-23] thermal[24-27], and biocompatibility[28-31], sig-
nifies this material as a promising candidate for nanoelectronic
devices [32,33].This phenomenal material also paves way in fasci-
nating towards the fabrication of paper based electrode for energy
storage devices[34-37], and have remarkable potential for direct
electrochemical analysis of bio-fluids like blood [38-40], saliva
[41,42], and urine[43-46]. Among the several early-stage screen-
ing techniques, electroanalytical detection has more attention
owing to its direct analysis and ease of use [47], handheld size,
and specific fields like clinical diagnostics, bioremediation, envi-
ronmental monitoring and controlling the food quality without
any sample preparation. Unlike the conventional methods (e.g.
using substrates of glass, ceramic and polymer) these paper-
based biosensors exhibits several advantages such as affordable,
biocompatibility, biodegradable, high abundance, and disposable
[48-54]. Typical fabrication techniques for paper-based biosensor
such as photolithography [55-57] wax printing [57,58], screen
printing [57,59] and inkjet printing [58,60-62] are recent trends.
In spite of this, the essential of disposable electrochemical sensor
is expected to offer a measurable signal quantitatively and qualita-
tively at a stipulated time. Hence, in the coming years ahead, this
printed electrode will be an economically affordable and dispos-
able with a precise analytical testing tool that is technologically
applicable in the future.

DNA sensing by electrochemical method is most important
evolving technique in recent days. It is used to detect the existence
of pathogenic micro-organisms and DNA damage in various types
of cells [63-66]. Furthermore, DNA sensor is used for the determi-
nation of individual concentration of adenine (A) and Guanine (G)
and estimation of their ratio in nucleic acid [67]. Whilst the catabo-
lism of nucleic acids, enzymatic degradation of tissues, dietary
habits and various salvage pathways can be estimated from the
biosensor signals obtained from the physiological fluids, tissues,
and cells, that could be an indicative tool and used to detect certain
diseases [68,69]. So far, an earlier conventional method of DNA
sensors consists of labeling with fluorescent dyes and radioactive
tags along with some enzymes. This has been employed to tailor
the optical properties to ensure the hybridized DNA from targeted
single-stranded DNA [70].There are only few reports available
based on Double standard deoxyribonucleic acid(dsDNA) electro-
chemical sensors. Earlier, it has been reported on the detection of
dsDNA against anticancer derivative of quinalozine using SPCE
and MWNT/SPCE electrode [71]. And also, ionic liquid modified
screen-printed graphite electrode for direct electrochemical detec-
tion of dsDNA has also been reported by J. Ping et al. [72]. Lenka
Hlavata et al. studied on screen-printed carbon electrode for direct
electrochemical detection of DNA damage against UV-C radiation
and chemical agents [73]. Recently, Zhihoing Zhu et al., examined
the ordered mesoporous carbon modified carbon ionic liquid elec-
trode for direct electrochemical detection of dsDNA in the range of
10-600 ug mL~! by differential pulse Voltammetry (DPV) with
the detection of 1.2 pug mL~' [74]. Dongyang Wang and co-
workers studied Cu@Ni/MWNTs nanocomposite for simultaneous

electrochemical determination of guanine and adenine in the
range of 1.0-180 pM and 2.0-150 pM by cyclic Voltammetry
(CV). From these earlier reports it can be noted that the electro-
chemical detection for dsDNA has proved to be reliable and also
required the least amount of sample for analysis by cyclic
Voltammetry and Differential pulse Voltammetry electroanalyti-
cal method [75].

High quality and mass production of graphene is essential with
an affordable low cost are essential for large scale electronic and
sensing applications. The commercially available graphite taken
as starting material for the production graphene can be a good
choice but it is polluting the environment during treating with
an oxidative chemical. To overcome this, biomass-derived gra-
phene significantly offers a novel, low cost, environmentally
friendly, with the carbon-rich functional material. Biomass corn
cob was made up of ~40 wt% of carbon content and very low trace
elements (1.5 wt%) was reported [76,77]. Among several synthesis
methods of graphene [78-83], electrochemical exfoliation
[82,84-86] is an effective method compared to that of conven-
tional synthesis method like chemical vapor deposition (CVD)
[87-89] and Hummers method [90-92]. However, the electro-
chemical exfoliation of graphene from biomass is not yet reported,
that we achieved for the first time.

Herein we report, on the investigation of label-free, low-cost
graphene-based biochar exfoliated graphene nanosheets and fabri-
cation of paper-based electrode for electrochemical analysis of calf
thymus double standard DNA. This paper-based electrode shows
an expected direct electrocatalytic oxidation of dsDNA with lower
overpotential compared to that of commercially available glassy
carbon electrode, which can be replaceable in forthcoming years.
In electrochemical sensing, the parameters such as concentration
and potential were fixed for the determination of dsDNA using
paper-based graphene electrode, and this can be used for direct
analysis of human excretory metabolites like serum, urine, sweat,
and saliva in the future.

2. Experimental
2.1. Reagents and equipment

Sodium sulfate (99%), Hydrochloric acid (A R grade), and calf
thymus DNA were procured from Alfa Aesar, respectively. In house
prepared graphite was used as a precursor for graphene prepara-
tion. DC power supply (Pico, India) was used to exfoliate the gra-
phene from biochar graphite obtained from corn cob. Raman
spectroscopy (LabRAM-Laser wavelength-488 nm, France) was
used to investigate the formation of graphene, FT-IR spectroscopy
(Jasco FT/IR- 6600, USA) was used to record the spectra in the range
from 4000 cm™! to 400 cm™! to confirm the functional group’s
presence in the graphene. X-ray diffraction (XRD) data were col-
lected from using PANalytical X-ray diffractometer utilizing Cu
Kot (A = 1.54A) radiation. The samples were scanned in the 20 range
from 10° to 60° and all of the peaks were assigned and confirmed
with the published database by the Joint Committee on Powder
Diffraction Standards (JCPDS). The morphology of the samples
has been examined using Scanning Electron Microscopy (Hitachi-
N3400, Singapore). High-resolution scanning transmission electron
microscopy (HRTEM, JEOL JEM 2100) analysis was carried out to
understand the layered structure of the graphene. Surface area
and pore size distribution analysis were studied using Bel-
sorpMicrotrac mini-II Studies on I-V Characteristics were analyzed
using four-probe method (Hitech ceramics, India). Cyclic voltam-
metric measurement (DNA sensor) has been acquired using
SP-300 (Biologic, France).
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2.2. Preparation of graphene by electrochemical technique

Electrochemical exfoliation of graphene from biochar graphite
was achieved by two-electrode system, utilizing biochar corn cob
fixed with graphite pencil (HB writing grade) as the working elec-
trode (anode) and stainless-steel plate of 2 cm X 1 cm as the coun-
ter electrode (cathode). The scheme of exfoliation procedure is
depicted in Fig. 1a. There are several types of aqueous inorganic
salts solutions used as electrolytes for exfoliation. Amongst them,
sulfate compound of Na,SO, reveals good exfoliation ability
reported by Parvez et al. and Chuang et al. [84,93]. Briefly, 0.5 M
concentration of Na,;SO,4 (7.102 g) salt was dissolved in 100 mL
of double-distilled water (DDH,0), the result electrolyte solution
pH value was measured as ~7.0. During the electrochemical pro-
cess, the distance between the counter electrode and working elec-
trode was kept at a constant value of 2 cm. A DC potential of 20 V
was applied to the working electrode after dipping into the elec-
trolyte solution. Water bubbles originated at the biochar derived
corn cob graphite at cathode evidence the exfoliation of graphene
from graphitic layers. When the bias voltage is applied at the cath-
ode, it causes oxidation of water, result in the production of a
strong nucleophile hydroxyl ion (OH™). An anion attack take place
on the edge sites followed by grain boundaries of graphite and the
depolarization at these sites lead to the intercalation of sulfate ions
in between the graphite layers. This is due to low electrochemical
reduction potential of an electrolyte containing sulfate (SO%")
anions and self-oxidation of water, which could be favored for gen-
erating gaseous species of SO, along with O,. However, such a gas-
eous species are responsible for rapid exfoliation graphene sheets
within few minutes and hence it shows a good exfoliation

(a)Electrochemical exfoliation
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efficiency [94]. For instance, in the same solution sequence of elec-
trochemical experiments, ~2.7 g of graphene sheets was yielded
within 45 min. The obtained graphene sheets were washed with
concentrated HCl to eliminate the impurities, followed by dried
and calcinated in the presence of an inert gas atmosphere. In order
to increase the exfoliation rate a wash dried graphene sample was
further probe sonicated (Fig. 1b) in the presence of acetone and
water in the ratio of 3:1 for 2 h in optimized parameters (e.g. Son-
ication time 40 s, interval gap 20 s, power density 60%, and main-
tained temperature is 45) [95].The samples were termed as
graphite, as prepared graphene (Gasp), graphene wash dried
(GWD), graphene without wash (GWOI), graphene washed (GWI)
with calcination in inert gas, and graphene probe sonication
(GPS), respectively.

2.3. Fabrication of graphene-based paper electrode

In order to fabricate electrodes from the synthesized graphene,
15 mg of exfoliated graphene (GWI and GPS) were mixed with a
few drops of commercial transparent polyvinyl acetate solution
using a vortex mixer for about 5 min and transferred to Petri dish.
The obtained conductive graphene paint to draw a specific struc-
ture, the paint brush pen is soaked well with conductive paint in
the paint container, and these paints are transferred to the paper
substrate (commercial A4-100 GSM sheet) under required hand
pressure. This as-prepared conductive paper is further dried at
150 °C for 2 h in the oven to prevent from graphene peel off from
the paper substrate. The stepwise procedure for the preparation
of paper-based graphene electrode is shown schematically in
Fig. 1c.
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Fig. 1. Schematic representation of (a) electrochemical exfoliation of graphene sheets from corn cob (e.g. when applied 20 V potential into corn cob graphite electrode which
intercalated, expanded and exfoliated in the presence of sulphate ions, as a result, biochar exfoliated graphene nanosheets were obtained). (b) Probe sonication process is
conducted by optimized parameters such as sonicating time interval and temperature; and (c) Fabrication of paper-based graphene electrode using polyvinyl acetate solution
mixed with graphene in petridish, resultant will be graphene paint and that was painted on the paper substrate. After drying, the electrical conductivity painted graphene
electrode have been examined using four probe method and further used as dsDNA biosensor.
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2.4. Preparation of dsDNA for electrochemical cyclic voltammetry
sensing

Calf thymus dsDNA was procured from the SRL, India. Form this,
stock concentration of 2 mg /2mL was prepared in PBS solution
(pH = 7.4) and in double-distilled water. Nonetheless, form the
stock solution it was further diluted in PBS and water and these
solutions were used for dsDNA sensing by electrochemical
analysis.

2.5. Voltammetric and impedimetric detection procedure

The analysis all the voltammetric studies were examined in the
presence of phosphate buffer solution (PBS) (pH = 7.4) and double
distilled water (DDH,0) associated with the final concentrations
from 10pL to 10nL of dsDNA. The cyclic voltammetric data were
recorded in the range of #10 V with the rate of scan at 100mVs~".
An impedance measurement was carried out in the range of 50 kHz
to 0.05 Hz, with a sinusoidal voltage interval of 10 mV amplitude.
All of these studies were recorded in the same electrolyte without
any redox marker except PBS. The acquired impedances spectra
were further analyzed using Nyquist plots (-Z; vs, Z;) by their rela-
tive fitted impedance spectra represented via equivalent circuit.
The goodness of the fit was acquired from chi-square value using
Z-fit software.

3. Results and discussion
3.1. Studies on Raman spectroscopy

The excitation laser source at 488 nm of Raman spectra of bio-
mass corn cob derived exfoliating graphene is shown in Fig. 2(a) for
Graphite, GPS, Gasp, GWD, GWOI, and GWI, respectively. In the
exfoliated graphene Raman characteristic band was observed for
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p-band at1393 cm 11375 cm~!, 1375 cm™!, 1379 cm’},
1373 cm™!, 1379 cm™!, for graphite, GPS, Gasp, GWOI, GWD, and
GWI, respectively. Similarly, the characteristic G-band was
observed to be at 1621 cm™!, 1596 cm™!, 1592 cm™!, 1596 cm™!,
1589 cm ™!, 1596 cm ™!, for graphite, GPS, Gasp, GWOI, GWD, and
GWI, respectively. And the 2D is at 2737 cm™!, 2726 cm™',
2737 cm~!, 2730 cm~!, 2737 cm™}, for GPS, Gasp, GWOI, GWD,
and GWI, respectively [96]. The intensity of the disorder-induced
D band (1375 cm™!) is relatively lesser than that of G band
(1596 cm™!) for the exfoliated samples. This is due to the highly
ordered magnitude of carbon atoms; from this it is also observed
the Ip/Ig ratio decreases eventually with respect to graphite. The
2D band is the clear evidence on the occurrence of few layers of
graphene which is shown in Fig. 2(b-f). The 2D band was originated
from a two-phonon double resonance Raman process and it is a
closely related band structure of graphene layers. However, the
deconvolution of 2D bands and their relative intensities of I,p/ Ig
ratio (0.27, 0.22, 0.22, 0.21 and 0.22 for GPS, Gasp, GWOI, GWD,
and GWI, respectively) indicates the presence of bilayer to four lay-
ers of graphene from Gaussian fitting. Thus 2D band has merely
been of approximately bilayer graphene for GWI and GPS and this
result is comparable with the TEM images [97]. Further deconvo-
luted Raman spectra evidences that the bilayer to four layers of
graphene and the fitted peaks for GPS, Gasp, GWOI, GWD, and
GWI has shown respectively four, two, four, five, four peaks with
fitted 2 = 1. Further the average crystallite size of sp?> domain
L.(nm) in the graphene nanosheets using intensity ratio Ihlg was
calculated by T and K correlations given in Eq. (1) [98].

La(nm) = [2410 1] {'2] h (1)

Ic
where, A, is the Laser excitation wavelength (488 nm) and an Ip/ Ig
is corresponding to Intensity ratio of D band and G band ratio of gra-
phene. The calculated crystallite size (L,) is 23.09 nm, 37.80 nm,

el NP DG Laser=2,54 eV bi)] = lixperimental data - GPS b == Experimental data-Gasp__.
3 [(@) = —GWI e Pealk 1 (b) o Pk 1 PR ©
K 1,/1,=0.24
= I, === Peuk 2 e Peuk 2
£ h —GWD| A [oPeak3 ~ |=—reak 3
4 / 3 gk = <
z " Iy/l=0.21 8 fp=o=—Dlcuk 4 s | PeakSum
2 -4 ] & femomm PeakSum “:5
= —cwol| g &
g * Iy/l=0.29 a E §
E o8 £
=10. =
E i § E
k= —_—GPS| = x
= * I,1;=0.35 &
-] N
= : <
3 1,/1,= 0.60 == Graphitc '
1000 1500 2000 2500 3000 2660 2680 2700 2720 2740 2760 2780 2650 2675 2700 2725 2750 2775 2800
Raman shift (em™1) Raman shift (cm™) Raman shift (cm™)
e Experimental data- GWOI g, e . xperimental data- GWD . xperimental data- i -
“xperimental data- GWT
—o—Peak 1 g (d) —o—Peak 1 » (e) —o—Peak 1 F ®
e Peak 2 === Peak 2 === Peuk 2
i e Peak 3 _ | Peak3 > |=o=—Peak 3
5 |e—Peak 4 S |=o=rPeak 4 2 g Pealk 4
3 [=0==PeakSum 3.5, eom Peak § : =gmm PeakSum
._.? 2 |[==PcakSum *5 -------
E £ &
- =
= = «
= <
: £ :
-4 o o

2660 2680 2700 2720 2740 2760 2780
Raman shift (cm™)

2625 2650 2675 2700 2725 2750 2775 2800
Raman shift (cm™)

2740
Raman shift (cm™)

2680 2700 2720 2760 2780

Fig. 2. Raman spectrum (laser-488 nm) of (a) graphene structures obtained from corn cob derived exfoliated graphene with respective Ip/ I for graphite, GPS, Gasp, GWOI,
GWD, GWI and their corresponding Gaussian deconvoluted and fitted Raman spectrum (b to f) is evident of few layers of graphene nanosheets.
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4536 nm, 46.93 nm, 59.56 nm and 55.32 nm, for graphite, GPS,
Gasp, GWOI, GWD, and GWI, respectively. The results exhibited that
higher magnitude of sharp crystalline peak in Raman spectra which
also compared with the sharp X-ray diffraction pattern.

3.2. Studies on the functional group, structural and porosity analysis

The FTIR spectrum is shown in Fig. 3(a) indicates the presence
of some functional groups in the biomass corn cob derived gra-
phene. The peak around 1588 cm™!, 1033 cm™!, 957 cm™!, and
458 cm™! are attributed to aromatic C=C stretching bond, C-O
stretching vibration, Si-O vibration of stretching, and stretching
vibration of Si-O-Si, respectively. To further confirm the formation
of graphene from biomass corn cob, it was examined by XRD. The
XRD pattern of GPS, Gasp, GWOI, GWD, and GWI graphene is
shown in Fig. 3(b) and in Fig. S1 for graphite. All the prepared gra-
phene has 002 lattice plane at 26.54°, which is well-matched with
the JCPDS card no- 41-1487. In case of the Gasp and GWOI, gra-
phene shows some impurities along with the shift towards lower
angle, this might be due to the crystallized silica peak shown at
21.09°. There are no impurity peaks observed for GWD and GWI.

The quantitative surface area and porosity for exfoliated
graphene-like GPS, GWI, and GWD were examined using BET nitro-
gen adsorption-desorption studies (Fig. 3c). The BET specific sur-
face area was found to be 85.625 m?/g, 69.072 m?/g, and
61.379 m?/g for GWD, GPS, and GWI, respectively. A lower value
of specific surface area has been observed for GWI, which is
expected to be in the range of standard mesoporous structure. Sim-
ilarly, the nitrogen adsorption isotherm behavior was observed for
the GWD, GPS, and GWI, and the pore diameter was obtained to be
5.4079 nm, 8.4155 nm, and 5.4136 nm, respectively.

3.3. Morphological analysis for biomass corn con derived exfoliated
graphene

The morphology of the biomass corn cob derived graphene was
examined by SEM and HRTEM. Fig. 4(a) shows the SEM image of
the graphite with wrinkles and double gauze-like morphology at
the border. This shows that graphene remains in its thermodynam-
ically stable state, and in Fig. 4(b-f) the sheets like morphology for
electrochemical exfoliation of biomass-derived graphene has been
confirmed. The elemental composition for (a) graphite, (b) Gasp, (c)
GWOI, (d) GWI, (e) GWD and (f) GPS from EDAX pattern is shown
in Fig.S2 [93,99]. Fig. 4(g-h) is shown the HRTEM images of exfoli-
ated graphene has bilayer to few layers of graphene which is in
complement to the Raman deconvoluted data. The graphene sheet

was also observed to be of larger dimension and without any
defects proves the quality of the obtained graphene structure with
the dimension for length, breadth, and thickness as ~7.70 pm,
~5.19 um, and ~53.81 nm, respectively. The selected area electron
diffraction (SAED) pattern exhibits the strong diffraction plane,
which shows the high crystallinity of well-organized carbon atoms
in the synthesized graphene. The six-fold hexagonal pattern with
brighter diffraction spots and crystalline domain confirms the
occurrence of graphene nanosheets. Further the observed multiple
hexagonal patterns also evidence the presence of bilayer to few
layers of graphene [100,101].

3.4. Cyclic Voltammetry studies of paper-based dsDNA sensor

All the prepared graphene (GWI, GPS, and GWD) based paper
electrode was examined for cyclic Voltammetry analysis, shown
in Fig. 5. Among these, the paper-based graphene electrode fabri-
cated using GWI electrodes expected a dsDNA signal due to their
lower in electrical resistance compared with that of other graphene
(GPS and GWD) paper electrode. Fig. 5(a) revealed the typical cyclic
voltammograms of paper-based graphene (GWI) electrode in the
presence of different concentration of dsDNA in PBS solution. Dur-
ing the analysis, an increase in the concentration of dsDNA in PBS
solution shows a linear increase in the peak current (Fig. 5d). The
prepared paper-based graphene (GWI) electrodes prove a notable
response to the cyclic voltammetric signal to dsDNA
about + 1.07 V on the positive side, even in the range of lower con-
centration (0.2 pg/mL to 5 pg/mL) level. Additionally, the same
electrochemical cyclic voltammetry analysis was carried out for
all the preparation graphene (GWI, GPS, and GWD) based electrode
at higher concentration of dsDNA (10pL). Fig. 5¢ depicts electro-
chemical signal of graphene (GWI) based paper electrode shows
increasing in the current intensity along with peak broadening.
This could be due to the redox potential of adenine, which is about
+1.06 V with lower current compared to that of GWD, GPS and GC
(e.g. glass carbon signals of G show at higher peak current at the
inset of Fig. 5a. And another graphene (GPS and GWD) paper-
based electrode has lower in peak current and broad in peak com-
pared to graphene (GWI) based paper-based electrode. The lower
redox potential and lower overpotential for the electrochemical
oxidation of dsDNA were shown in Fig. 5 (b-c). Similar to the direct
cyclic voltammetric detection of dsDNA in the presence of PBS
solution, double distilled water (DDH,0) was taken as another
electrolyte. During the electrochemical sensing, decreasing in the
peak current was observed with an increase in the concentration
of dsDNA, shown in the Fig. S4 (supplementary information).
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Fig. 3. (a) FTIR spectra for identification of carbon and oxygen functional groups in graphite, GPS, Gasp, GWOI, GWD, GWI, and (b) X-ray diffraction pattern with highly
ordered crystalline graphene nanosheet. (c) analysis of porosity for GWD (5.4079 nm), GWI (8.4155 nm), and GPS (5.4136 nm) of biomass-derived corn cob exfoliated

graphene using Brunauer-Emmett-Teller (BET) technique.
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Fig. 4. SEM image of (a) graphite shows wrinkle structure on the surface. Surface morphology of (b) Gasp, (c¢) GWOI, (d) GWI, (e) GWD and (f) GPS shows large size exfoliated
graphene nanosheets. HRTEM images of (g) GWI and (h) GPS shows few layers of graphene nanosheets without defect and highly ordered graphene nanosheet structure.
(Inset image in g and h: SAED pattern is evident of highly crystalline of both GWI and GPS exfoliated graphene nanosheets).

3.5. Effect of concentration of dsDNA

The effect of dsDNA concentration subjected to the cyclic
Voltammetry of dsDNA for paper-based graphene electrode was
investigated and shown in Fig. 5(d). It can be seen that, with an
increase in the concentration of dsDNA, there is a gradually
increased in the peak currents. The linear relationship was calcu-
lated between the concentration of dsDNA and the peak current
in the range of 0.2 pg/mL to 5 pg/mL. The linear regression, corre-
lation coefficients of 0.9735 and the limit of detection was esti-
mated to be 0.68 pg mL~! and the sensitivity was calculated as
0.00656 mA pg~! cm~2 using the Eq. (2) [102].

Slope of the calibration curve,m(mA pg-')

Sensivity = - :
o Active sensing area,A(cm?)

(2)

In comparison to our present work, earlier work reported by
Yang Fan et al on TiO,-graphene nanocomposite exhibits dsDNA
in the range of 0.5 uM-200 pM with the detection limit of
0.10 uM and 0.15 uM for adenine and guanine [101]. Jianfang Ping
et al., fabricated an ionic liquid modified screen-printed electrode
for direct electrochemical analysis of dsDNA in the range of
20 pg mL~! to 120pgmL~! with the detection limit of 5 pg mL ™!
[72]. Zhinong Zhu et al., studied an ordered mesoporous carbon
modified with ionic liquid for electrochemical analysis of dsDNA
to the range of 10-600 pg mL~'with the LOD of 1.2 pg mL™' [74].
Emiliano N. Primo et al., reported the electrochemical detection
of calf thymus dsDNA in the range of 0.25-2.50 x 10—>M with

the limit of 50 uM using bamboo like MWCNT [103]. And hence
our prepared paper-based graphene electrode revealed the higher
linear range and the limit of detection for the dsDNA at a low cost
which has comparable results with above mentioned earlier work
reports.

3.6. Impedimetric detection of dsDNA

Fig. 5(e-f) shows the Nyquist plots obtained from impedance
analysis, and the corresponding Randels equivalent circuit was fit-
ted to the experimental data. In the circuit, the parameter R,
denotes the resistance of the solutions; R, represents to the resis-
tance to the charge transfer between the solution and the electrode
surface; R; corresponds to the resistance in between the electrode
and paper substrate; C;is associated to the sandwich between
interface of electrode and electrolyte solution, which act as
double-layer capacitance; Csis attributed to the double-layer
capacitance due to the interface between the printed electrode
and the paper substrate. Taken together, we examined on the
charge transfer resistance between the electrode surface and the
solution and possible to find out each process step to target biomo-
lecule. With increasing in the concentration of dsDNA increasing in
impedimetric resistance is observed due to active graphene surface
covered by of dsDNA sequential addition. The negatively charged
phosphate group in the dsDNA skeleton, is responsible for the elec-
trical repulsion results in increase in resistance. Fig. 5f depicts that,
the highly negatively charged graphene probe sonication (GPS)
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Fig. 5. The cyclic voltammograms and EIS spectra of paper-based graphene (GWI) electrode at (a) different concentration of dsDNA in PBS (Inset-cyclic voltammogram of bare
glassy carbon electrode), (b &c) higher concentration of dsDNA signal response for various paper-based graphene (GPS, GWD, and GWI) electrode, (d) effect of dsDNA
concentration in PBS solution with a linear fit for graphene paper-based electrode (GWI). (e) EIS response of various concentration to dsDNA for GWI based paper electrode,
and (f) higher concentration of dsDNA signal response for various method of prepared paper-based graphene (GPS, GWD, and GWI) electrode.

shows higher inhibition of interfacial electron transfer rate com-
pared to that of GWI and GWD.

3.7. Studies on electrical potential and stability measurement

In order to understand the electrical conductivity, LED conduc-
tivity test was performed on the GWI based graphene ink drawn on
paper. There were no visible breakages in the circuit even after
fold, bend, twist and provide flexibility to graphene painted on
the paper. The LED were connected without any conductive paste

and powered using a 9 V battery, cause bright light emission of
Green and Blue at distinct folded sates shown in Fig. 6(a) and the
conductivity characteristics of GPS based paper electrode is shown
in supplementary Fig. S5. The electrical conductivity was measured
with respect to the applied voltage using a four-probe resistivity
setup. The electrical conductivity is increasing linearly from 5 V
to 50 V and it obeys the ohm’s law is shown in Fig. 6(b). The con-
ductivity is calculated as 1.145 x 103(S/m) and it is comparable
with earlier work of direct ink writing graphene electrode
[104-107]. This result shows that, the paper-based graphene
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Fig. 6. Photograph of (a) LED lit-up step obtained using conductive biomass-
derived electrochemical exfoliation of graphene-based paper electrode of GWI
(Inset: photograph of paper electrode), (b) the electrical conductivity studies by I-V
characteristics measurement for GWI paper electrode using the four-probe method.

electrode exhibits an efficient electrical conductivity, due to its
highly ordered graphene structure. Further increasing the applied
voltage drastically increasing in the current [108] which could be
due to enabling the electrons flow by hop mechanism through
the m-7 conjugated carbon atoms.

4. Conclusion

In conclusion, high yield and high-quality graphene was
obtained by electrochemical exfoliation of biomass-derived gra-
phite. The obtained graphene nanosheets possess great potential
for its use towards conductive graphene ink for fabricating
paper-based electrode. The paper-based graphene electrode was
employed for direct electrochemical analysis of dsDNA. An oxida-
tive peak was obtained using paper-based graphene electrode
which is corresponding to the oxidation of adenine (A) at lower
overpotential which proves the response of electrochemical oxida-
tion peak for dsDNA. The linear range was determined for the
dsDNA from the range of 0.2 pg/mL to 5 pg/mL with the detection
limit was estimated about 0.68 pg mL~! with the sensitivity of
0.00656 pA pg! cm 2. This study will be a stepping stone for pro-
ducing paper-based sensor and printable circuits at affordable cost,
environmentally friendly, disposable, and biodegradable in future.
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