Electrochimica Acta 399 (2021) 139366

Contents lists available at ScienceDirect 2
Electrochimica Acta
journal homepage: www.elsevier.com/locate/electacta y
Dual-functional single stranded deoxyribonucleic acid for graphene n
oxide reduction and charge storage enhancement

Yasin Albarqouni?®, Gomaa A.M. Ali®, Soon Poh Lee?, Ab Rahim Mohd-Hairul?, H. Algarni®q,

Kwok Feng Chong®*

A Faculty of Industrial Sciences and Technology, Universiti Malaysia Pahang, Gambang 26300, Kuantan, Malaysia

b Chemistry Department, Faculty of Science, Al-Azhar University, Assiut 71524, Egypt

¢Research Centre for Advanced Materials Science (RCAMS), King Khalid University, 9004, Abha 61413, Saudi Arabia
d Department of Physics, Faculty of Sciences, King Khalid University, 9004, Abha 61413, Saudi Arabia

ARTICLE INFO ABSTRACT

Article history:

Received 1 August 2021
Revised 25 September 2021
Accepted 30 September 2021
Available online 5 October 2021

Keywords:
Bioelectronics
DNA energy storage system.
Supercapacitor

Green reduction

Graphene

This study reports a one-step process to produce single-stranded deoxyribonucleic acid (ssDNA) func-
tionalized reduced graphene oxide (ssDNA/rGO). The ssDNA acts as a reducing agent for the reduction
of GO into rGO and simultaneously performs functionalization onto rGO, which is confirmed by spectro-
scopic and microscopic analyses. Such reduction capability is not being observed in double-stranded DNA
(dsDNA). The high charge density of ssDNA on rGO is investigated for its application in electrochemical
supercapacitor, and it is revealed that the ssDNA/rGO exhibits a specific capacitance of 129 F g-! with
high stability (92%) up to 10,000 cycles. The findings open the gateway to develop a biomolecule-based

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Deoxyribonucleic acid (DNA) is a natural biopolymer with ge-
netic information for the development, functioning, growth, and
reproduction of all organisms. The intriguing properties of DNA
have inspired its non-biological applications [1]. The molecular
recognition in DNA complementary strands has been used in ma-
terials engineering at the nanometer scale, such as DNA-assisted
assembly of nanoparticles into macromolecule [2], self-assembly of
DNA into bulk-scale hydrogel [3], and 3D macroscopic crystals with
nanoscale internal structure [4]. The electrical conductivity of DNA
has also been explored for molecular electronics, where DNA has
been reported to exhibit metallic-like conduction by substituting
imino proton in base pairs with metal ions [5]. Due to this, DNA
is incorporated into other materials for conductivity enhancement,
such as DNA immobilized on polyaniline [6].

The discovery of graphene in 2004 has caused tremendous
research interest due to its fascinating properties that promise
massive applications in electronic, energy conversion and stor-
age, sensing as well as catalysis [7]. The earliest approach of pro-
ducing graphene by mechanical cleavage of highly ordered py-

* Corresponding author.
E-mail address: ckfeng@ump.edu.my (K.F. Chong).

https://doi.org/10.1016/j.electacta.2021.139366
0013-4686/© 2021 Elsevier Ltd. All rights reserved.

rolytic graphite is not practical for industrial mass production
of graphene. Therefore, chemically modified graphene or better
known as reduced graphene oxide (rGO), may provide a solution
in this context. Precursor graphite is subjected to oxidation to form
graphene oxide (GO), and the GO is further reduced to produce
rGO [8,9]. The chemically reduced graphene oxide using hydrazine
or sodium borohydride have better characteristics, however, using
such hazardous reducing agents could trigger safety as well as en-
vironmental issues [10,11]. Green chemicals such as L-ascorbic acid,
carotene, green tea have been proposed as the alternative reducing
agent in the production of rGO [12,13].

Recent studies suggest that DNA could be an effective reduc-
ing agent, where it was used to reduce and cap the growth of
gold nanowires [14]. Braun and coworkers proposed the sequence-
specific molecular lithography by reducing Ag ions on the DNA
backbone [15]. DNA consists of nucleobases adenine (A), gua-
nine (G), cytosine (S), thymine (T), monosaccharide sugar, and
phosphate backbone. A single-stranded DNA (ssDNA) is a polynu-
cleotides chain with its nucleobases that are connected to one
another covalently by phosphodiester linkage. A double-stranded
DNA (dsDNA) is composed of two complementary polynucleotides
chains that are linked by hydrogen bonds according to base pair-
ing rules (A links with T and C links with G). Among all nucle-
obases, guanine has the lowest ionization potential, making it to
be the easiest nucleobase to perform electron transfer in forming
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guanine radical cation [16]. These electron transfer properties ren-
der it to be a promising candidate as a reducing agent. This in-
spires us to study the reducing capability of DNA on GO in the
production of rGO. The non-covalent m-7 stacking between the
aromatic ring of graphene and N-containing groups (purine and
pyrimidine bases of DNA could promote the functionalization of
DNA onto rGO [17]. Functionalized carbon materials have shown
great interest as supercapacitor electrode materials [18,19]. In this
work, the reducing capability of ssDNA and dsDNA on GO is inves-
tigated. It is envisaged that the DNA functionalization could occur,
and the highly charged phosphate and nucleobases backbone could
attract cationic electrolyte for the charge storage enhancement. To
the best of our knowledge, there is no report on the comparison
study in charge storage performance between ssDNA and dsDNA,
which is crucial to develop a high-performance biomolecule-based
energy storage device.

2. Samples preparation and characterization
2.1. Deoxyribonucleic acid (DNA) extraction

A cost-effective source of genomic DNA was obtained from cul-
tivated saccharomyces cerevisiae (baking yeast) as Sambrook and
Russel protocol [20]. Typically, 1 g of baking yeast was cultured
in 1000 mL of Potato Dextrose Broth (PDB) media and incubated
for 3 days at 35 °C. The vegetative cells were harvested by cen-
trifuging at 6000 rpm for 5 min at 25 °C. The precipitated cells
were washed by distilled water several times to eliminate any im-
purities that remain from the culturing media. Cell lysis was per-
formed by adding lysis buffer before incubated in a hot water bath
for 15 min at 95 °C with interval sonication and finally ended with
thermal shock with an ice bath for 5 min at 0 °C. An equal volume
of phenol: chloroform: isoamyl alcohol (25:24:1 v/v) was added
into the lysate to partition lipids and cellular debris into the or-
ganic phase, leaving the DNA in the aqueous phase. The process of
partitioning was repeated 3 times to obtain the purified DNA. Dou-
ble volume of absolute ethanol was then added into the purified
DNA aqueous solution and kept at —20 °C for 12 h to precipitate
the DNA. The incubation for 12 h at —20 °C is to prevent the enzy-
matic reaction of deoxyribonuclease. The refrigerated solution was
centrifuged and washed several times with 70% ethanol before vac-
uum drying at 60 °C to remove any impurity [21]. The dried pellet
was then incubated with 500 puL TE-buffer containing (RNase A) at
35 °C for 30 min to remove any ribonucleic acid (RNA) [22]. Finally,
the resulted solution was subjected to purification step using phe-
nol:chloroform:isoamyl alcohol (25:24:1 v/v) three times to obtain
the concentrated DNA. This is known as the double-stranded DNA
(dsDNA), and its concentration was evaluated by applying Sam-
brook’s protocol [23]. Single-stranded DNA (ssDNA) was obtained
by denaturation of the isolated dsDNA. Typically, 50 pL of NaOH
(1 mol L-1) was added into 5000 pL of DNA solution with gently
mixing at room temperature for 5 min before adding 50 pL of HCI
(1 mol L-1) [24]. A double volume of ethanol was used to concen-
trate the obtained ssDNA at —20 °C for 12 h, and Barbas’ formula
was used to evaluate the concentration [25].

2.2. GO reduction and functionalization

The graphene oxide (GO) in this study was synthesized using
our previously reported method [26]. Graphite flakes (4 g) were
heated at 80 °C for 6 h in the mixture of sulfuric acid (H,SOy4)
(60 mL), K,S,0g (6 g) and P,05 (6 g). It was then diluted with 2 L
of DI water, filtered, and washed until neutral pH with DI water.
The collected pre-oxidized graphite was then dried in vacuum for
12 h. Then, it was further oxidized in a mixture of KMnO4 (35 g)
and H,SO4 (300 mL) at 35 °C for 4 h under stirring. The mixture
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was diluted with DI water (700 mL) followed by the addition of
H,0, (100 mL) to stop the oxidation reaction. The mixture was
then filtered and washed by 1:10 HCl (5 L) and finally dried in
vacuum for 12 h to obtain graphite oxide. The graphite oxide was
exfoliated by sonicating graphite oxide dispersion (2 mg mL-!) for
30 min. The unexfoliated graphite oxide was removed by centrifu-
gation as precipitate and the homogenous yellow supernatant was
obtained as graphene oxide (GO) dispersion. For the reduction of
GO by DNA, mass ratio of 1:4 (dsDNA or ssDNA: GO) was used.
The ssDNA and dsDNA solution were separately added into GO dis-
persions and heated at 80 °C under stirring condition. This temper-
ature was chosen to avoid the denaturation of DNA. The reaction
mixture was then filtered, washed, and dried in vacuum for 12 h.
They are denoted as ssDNA/rGO and dsDNA/GO.

2.3. Structural and morphological characterizations

The UV absorbance of DNA in this work was investigated by
using microvolume spectrophotometer (NanoDrop™ 2000/2000c,
Thermo Fisher Scientific CO.). The denaturation percentage of ds-
DNA into ssDNA was determined by Eq. (1) [27].

Asso (Flnal) — Asgo (Blanl()
Azeo (Initial)

Denaturation (%) = [ - 1i| x 200 (1)
Where Ajgo(Initial) is the absorbance of dsDNA before denatu-
ration; Ajgo(Final) is the absorbance of ssDNA after denatura-
tion and A,go(Blank) is the absorbance of blank. The functional
groups were studied by a Fourier transformed infrared spectrome-
ter in Attenuated Total Reflectance mode (ATR-FTIR, Spectrum 100,
PerkinElmer). The electronic transition of samples was studied by
UV-Vis spectrophotometer (CARY, AGILENT). X-ray diffraction pat-
tern (XRD) was collected by a Rigaku X-ray diffractometer (Miniflex
II with Cu-Ker radiation at 30 kV, 15 mA, A = 1.5406 A) within the
260 range of 3° to 80° The Raman spectra were collected by Raman
spectrometer (Renishaw, inVia Reflex) with 2.33 eV (532 nm) laser
energy. The sample morphology was investigated by a field emis-
sion scanning electron microscope (FESEM, JSM-7800F, JEOL). The
DNA staining was performed with Diamond™ Nucleic Acid Dye
and visualized by a chromophore imaging system (GE AI600 RGB
GEL Imaging System).

2.4. Electrochemical characterization

The electrochemical experiment was conducted by an electro-
chemical workstation (AUTOLAB PGSTAT30, Metrohm) equipped
with a frequency response analyzer. The charge storage prop-
erties were investigated by cyclic voltammetry (CV), galvanos-
tatic charge-discharge (GCD), and electrochemical impedance spec-
troscopy (EIS) in three-electrode system. The working electrodes
were prepared by mixing the samples (90 wt%), carbon black
(5.0 wt%; Alfa Aesar) and polyvinylidene difluoride (PVDF, 5.0 wt%)
in N-methyl-2-pyrrolidinone (NMP), followed by pressing onto a
piece of pre-treated Ni foam [28] and then dried at 70 °C in a vac-
uum oven for 24 h. Pt wire and Ag/AgCl were used as counter and
reference electrode, respectively.

3. Results and discussion
3.1. Structural and morphological characterizations

The dsDNA in this work was extracted from baker’s yeast
and denatured to produce ssDNA. The denaturation degree was
quantified by investigating the hyperchromic effect in UV anal-
ysis [27]| (supplementary Fig. S1), and it was found out that a
high percentage of dsDNA (98.24%) had been denatured into ssSDNA



Y. Albarqouni, G.A.M. Ali, S.P. Lee et al.

(a) —GO
dsDNA/GO
— GO@80 °C
ssDNA/rGO

Normalized absorbance (a.u.)

200 300 400 500 600 700 800

Wavelength(nm)

Electrochimica Acta 399 (2021) 139366

1 m B 1230 om”'
3435cm

1064 cm™

3

L)

o | 1749 cm™ 1638 cm”

Q

% 1dsDNA/GO

E L

£

/2]

c

s ]

= {ssDNA/rGO

X ] v\"w
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm ")

Fig. 1. (a) UV-Vis spectra of GO, dsDNA/GO, ssDNA/rGO and GO@ 80 °C (control); (b) FTIR spectra of GO, dsDNA/GO and ssDNA/rGO.
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Fig. 2. XRD patterns for GO, dsDNA/GO, and ssDNA/rGO.

(Detailed calculation in Supporting Information). ATR-FTIR analy-
sis (supplementary supplementary Fig. S2) also provides evidence
for the denaturation of dsDNA into ssDNA. The absorption bands
at 1698 and 1553 cm~! are corresponding to the C=0 and -NH,
in dsDNA, respectively [29-31]. After denaturation into ssDNA, the
two peaks shift to higher wavenumber (1700 cm~! for C=0 and
1565 cm~! for —NH,). These up-shifted peaks indicate the fast vi-
bration of carbonyl stretching and amide bending, which may be
attributed to the absence of hydrogen bonds between carbonyl and
amide groups in ssDNA [27]. Upon unwinded (denatured) of dsDNA
into ssDNA, the FTIR peak for C=0 and -NH, shifted to the longer
wavenumber which had been reported elsewhere [31,32].

The dsDNA and ssDNA were added into GO solution and incu-
bated at 80 °C for the reduction process. In UV spectrum (Fig. 1a),
GO exhibits an absorption peak at 230 nm that indicates the 7 -m*
transition of the aromatic rings. Besides, a broad shoulder peak in
the range of

(290-309 nm) is attributed to the presence of peroxide- and
epoxides-like linkages [33]. After incubating with ssDNA, this

oxygen-related broad shoulder peak disappears and the -7 * peak
shifts from 230 nm to 270 nm, indicating the restoration of m
conjugation network by ssDNA to form ssDNA/rGO [34]. On the
other hand, the incubation of dsDNA with GO does not produce
significant changes where the w-7* peak only shifts to 258 nm.
It shows the low ability of dsDNA to reduce GO. Control exper-
iment (GO@80 °C) was conducted to eliminate the heat (80 °C)
factor in contributing to the reduction process. It is clear that
the mw-m* peak remains at 230 nm, in the case of incubating
GO only at 80 °C. It shows that ssDNA is the main contribut-
ing factor in reducing GO into rGO. The reduction effect of ss-
DNA can also be observed at FTIR analysis (Fig. 1b). As compared
to GO, all the oxygen related peaks (O-H at ca. 3435 cm~!; C=0
at ca. 1749 cm~'; C-0 at 1230 cm~! and 1064 cm~1) have been
reduced for ssDNA/rGO. The extent of reduction in ssDNA/rGO
is greater than dsDNA/GO. It can be seen that the restoration
of C=C upon oxygen groups removal is more prominent at ss-
DNA/rGO as the C=C peak (at ca. 1636 cm~!) is having highest
intensity.
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Fig. 3. Raman spectra for GO, dsDNA/GO, and ssDNA/rGO.

In XRD analysis (Fig. 2), GO exhibits a sharp peak (001) at
20 = 10.1°, corresponds to the interlayer spacing (d spacing) of
ca. 0.87 nm. Upon incubation with ssDNA, the ssDNA/rGO shows
diffraction peaks of (002) and (100), at 260 = 25.3° and 42.5°, re-
spectively. It also corresponds to a D-spacing of 0.36 nm. The re-
duced D-spacing in ssDNA/rGO may be attributed to the removal
of oxygen groups in GO [35]. On the other hand, the incubation of
dsDNA with GO does not produce significant changes to its crys-
tal structure, with a diffraction peak (001) at 26 = 10.3°. The XRD
findings corroborate to the UV analysis that proves the reduction of
GO by ssDNA. The reaction time between GO and ssDNA was inves-
tigated, and it was concluded that 90 min reaction could produce
optimized reduction as proven by the disappearing of 001 and ap-
pearing of 002 diffraction peak (supplementary Fig. S3)

It is generally known that GO possesses high number of defect
sites due to multiple oxidation process [36]. The number of de-
fect sites is reduced after sp? carbon network restoration in rGO
and Ip/I; ratio in Raman spectrum (Fig. 3) can provide important
information on this. Higher Ip/Ig indicates higher number of de-
fect sites [37]. The Raman spectrum of ssDNA/rGO shows the in-
crement of Ip/lg ratio (1.13), as compared to that of GO (0.90).
This indicates higher defect sites are created during reduction of
GO into rGO. This reduction process is categorized as the chemi-
cal reduction method which produces defect sites in rGO as com-
pared to other methods for graphene production (mechanical exfo-
liation and CVD [38]). Furthermore, the presence of DNA also con-
tributes the increase of Raman signal in the region of 1314 cm~'. It

ssDNA/rGO
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is worth noting that there is a redshift of the G band for both ss-
DNA/rGO and dsDNA/GO, as compared to that of GO. The redshift
can be associated to the charge transfer between ssDNA and rGO
as well as dsDNA and GO [39]. Similar findings had been reported
on DNA-GO hydrogel and CNT wrapped with DNA [40,41]. This ob-
servation suggests the possibility of DNA functionalization on the
graphene basal plane via w-m stacking interactions between nucle-
obases of DNA and graphene structure [42], which is worth further
investigation.

The existence of ssDNA on rGO was investigated by fixation
with Diamond™ Nucleic Acid Dye, where the dye binding to DNA
can be visualized under UV illumination (Fig. 4). It can be clearly
seen that both ssDNA/rGO and dsDNA/GO exhibit dye staining, an
evidence of ssDNA and dsDNA functionalization onto rGO and GO,
respectively. It could be attributed to the presence of aromatic
rings in DNA that interacts with the aromatic structure of GO or
rGO throwgh m-m stacking [43]. Control experiment on GO sam-
ple shows that the staining on ssDNA/rGO and dsDNA/GO are orig-
inated from the dye binding with ssDNA and dsDNA. All the spec-
troscopy analyses conclude that ssDNA could reduce GO into rGO
and simultaneously functionalize on rGO to form ssDNA/rGO. The
saccharomyces cerevisiae’s genome has been reported to possess a
high percentage of guanine (36%), which exhibits the lowest oxi-
dation potential among four DNA bases [44]. This makes guanine
could act as the reducing agent to reduce GO into rGO. However,
the double helix structure of dsDNA creates steric hindrance that
blocks the guanine from accessing to GO surface for the reduction
process. It explains the inability of dsDNA in reducing GO into rGO,
as shown from the spectroscopy analyses. On the contrary, the sin-
gle strand structure in ssDNA allows guanine to facilely access to
the GO surface to perform reduction. In addition, it has been re-
ported that ssDNA possesses enzymatic-like capability as DNAzyme
to catalyze a designed process. Both ssDNA/rGO and dsDNA/GO ex-
ist as thin and wrinkle sheet morphology (Fig. 5) that are produced
during oxidation process. The presence of DNA is not visible under
FESEM observation.

3.2. Electrochemical characterization

The charge storage capability of ssDNA/rGO was investigated
using CV, CDC, and EIS in 3-electrode setup. The ssDNA/rGO was
proposed as the negative electrode and its charge storage was
studied in the cathodic region. Previous report suggested that the
cathodic region is more preferred for ssDNA because of its nega-
tively charged phosphate and nitrogen-containing nucleobases pre-
fer cationic electrolytes over anionic ones [45]. Fig. 6a,b show
the CV curves of ssDNA/rGO in 1 M KOH and 1 M Na,SO4 at
different scan rates. In addition, CV at 50 mV s — ! is shown
for ssDNA/rGO in both KOH and Na,SO,4 electrolytes (Fig. 6¢) for

dsDNA/GO

Fig. 4. DNA staining visualization ssDNA/rGO, dsDNA/GO and GO (control).
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Fig. 5. Surface morphological investigation using FESEM for (a) ssDNA/rGO and (b) dsDNA/GO.
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comparison. Na,SO,4 is widely used as the neutral electrolyte for
biomolecule-based material while KOH is used as basic electrolyte
that has higher capacitive performance at comparatively lower po-
tential window stability [46,47]. ssDNA/rGO manifests redox peaks
(—0.5 to —0.6 V) in both KOH and Na,SO4 electrolyte which could
be attributed to the redox reaction of phosphate group and nu-
cleobases. The area under the curve provides an indication of the

charge storage where a larger area represents higher charge stor-
age [48]. It is evident that ssDNA/rGO shows larger CV area in the
KOH electrolyte, which signifies higher charge storage in it. This
phenomenon could be explained by the higher molar conductiv-
ity of K* ions (7.35 mS m2? mol~') as compared to that of Nat
ions (5.01 mS m? mol~1) [49,50]. Hence, the following electro-
chemical experiment was conducted in KOH electrolyte. CV curves
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Schematic 1. Illustration of the cations migration on negatively charged ssDNA/rGO electrode during charging and discharging process.

of dsDNA/GO and GO are presented at Fig. 6d, where the CV of
dsDNA/GO does not show significant change as compared to that
of GO. It is worth mentioning that ssDNA/rGO exhibits an excep-
tionally larger CV area as compared to that of dsDNA/GO, indicat-
ing higher charge storage in ssDNA/rGO. As mentioned earlier, the
presence of phosphate and nucleobase redox reactions could con-
tribute to pseudocapacitance for charge storage. However, this re-
dox reaction can only be seen on ssDNA, but not dsDNA. This phe-
nomenon could be explained by referring to the structure of ds-
DNA, which consists of two DNA strands connect with each other
by hydrogen bonding. This double-stranded nature blocks the ac-
cess of cation to the phosphate and nucleobases as the hydrated
cation K* (3.31 nm) and Na* (3.58 nm) are bigger than the spac-
ing between DNA strands in dsDNA (1.86 A) [51,52]. CV curves of
GO and bare nickel foam are shown as supplementary Fig. S4, to
show the low contribution of charge storage from nickel foam.

The GCD technique simulates a real application of supercapac-
itor to attract the ions during charging and release the ions dur-
ing discharging. The GCD curves of ssDNA/rGO in KOH electrolyte
at different current densities are shown in Fig. 7a. The charging
and discharging curves are symmetrical at different current den-
sities, indicating the reversibility of ssDNA/rGO in charge storage
process. For comparison, the GCD curves at 1 A g1 of dsDNA/GO
and GO are presented as Fig. 7a inset that show the short dis-
charge time or lower capacitance. The specific capacitance values
are computed by dividing the current density with discharge curve
slope [28,53] and they are summarized in Fig. 7b. The highest spe-
cific capacitance of 129 F g-! is attained on ssDNA/rGO at 0.4 A
g~1, which is about 32 times higher than that of dsDNA/GO (3.5 F
g~1). The enhancement of specific capacitance can be visualized as
Schematic 1. During charging process from 0 to —1.0 V, K* ions mi-
grate to the electrode surface. On ssDNA/rGO, the negative charge
on phosphate and nucleobases are exposed which attract more
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positive K+ ions on ssDNA/rGO surface. It creates higher ions ad-
sorption for EDLC effect. Furthermore, the ions interaction with ex-
posed phosphate and nucleobases in ssDNA renders redox reaction
that contributes to pseudocapacitance effect. The higher conductiv-
ity of rGO also promotes charge propagation within the electrode.
All these promote the charge storage activity in ssDNA/rGO. On
the other hand, the dsDNA in dsDNA/rGO exists as a double he-
lix form where phosphate and nucleobases are shielded from the
K* ions. It creates less attraction towards K* ions for ions adsorp-
tion and redox activity. Most importantly, the unreduced GO pos-
sesses weak conductivity that limits the charge propagation and

lower charge storage is manifested. For both materials, the K+ ions
are released from electrode during discharge process from —1.0 to
0 V. Table 1 shows the electrochemical performance comparison
with other DNA-based supercapacitor electrode.

Electrochemical impedance spectroscopy (EIS) was used to in-
vestigate the charging kinetics of the electrode. Fig. 8a shows the
Nyquist plots of ssDNA/rGO, dsDNA/GO, and GO, with the equiv-
alent circuit fitting as inset. The EIS fitted data is tabulated as
Table 2. It is worth noting that the Rs value for ssDNA/rGO (0.40 2)
is much lower as compared to that for dsDNA/GO (1.39 2). It cor-
roborates to the findings that ssDNA reduces GO into highly con-
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Comparison of reported specific capacitance obtained for ssDNA/rGO with other related graphene-

based nanocomposites.

Composite DNA source Cs (Fg™')  Reference
SWCNT@DNA fiber salmon sperm DNA, 10,000 (bp)  60.0 [54]
CNTs @DNA ssDNA~200 bp 124.6 [49]
Sn0, @DNA dsDNA herring testes ~ 50 K bp 126.0 [55]
Graphene modified Guanine Guanine 197.8 [56]
NiCo,04—MWCNTs@DNA salmon DNA, 200 (bp) 223.7 [57]
rGO/ssDNA Yeast ssDNA 129.0 This work
Table 2

The calculated parameters obtained by fitting the experimental impedance data of ssDNA/rGO and

dsDNA/GO electrodes.

Rs (@) Ro (@) C(mF) CPE(Q's") W(Q Sm’g!) x°
ssDNA/IGO  0.40 135 0413 0.110 0.036  490.6 0.234
dsDNA/GO  1.39 1.51 0.200  0.040 0.06 163.9 0.322
GO 2.44 3.28 0.005  0.092 0.198  142.1 0.162
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Fig. 9. Cycling stability of ssDNA/rGO electrode in 1 M KOH electrolyte at 3 A g~!. The inset shows the GCD curves for the first and last 2 cycles.

ductive rGO while dsDNA does not perform such reduction on GO.
The higher ions adsorption on ssDNA/rGO can be seen from higher
CPE and C values, which supports the findings for ions-attracting
ssDNA. The electroactive surface area (Sg) is calculated from equa-
tion Sg=Cym/Cq [58,59], where Cyp=(27fmZz")~1, 2" is the imagi-
nary impedance from Nyquist plots at frequency 0.01 Hz and Cy is
a constant value of 20 uF cm~2 for carbonaceous materials [60].
Interestingly, ssDNA/rGO demonstrates a high Sg of 490.6 m? g1,
which is about 3 times higher than that of dsDNA/GO (163.9 m?
g~1). It can be associated to the exposed phosphate and nucle-
obases in ssDNA that provide higher electroactive sites. The charge
storage behavior of ssDNA/rGO can also be observed from the Bode
plot (Fig. 8b) where it shows phase angle of 88.4° at low fre-
quency, very close to the phase angle of the ideal capacitance of
90° dsDNA/GO only shows phase angle of 68.6° at low frequency.
The high-performance ssDNA/rGO was further tested for their long
term stability at continuous GCD for 10,000 cycles. Fig. 9 shows
that ssDNA/rGO could retain up to 92.80% specific capacitance after
10,000 GCD cycles. The inset shows the GCD curves do not change

significantly after the stability test, suggesting the high stability of
ssDNA/rGO as supercapacitor electrode.

4. Conclusions

The present work demonstrates the ssDNA could be used as an
effective reducing agent for GO reduction. The low oxidation po-
tential of guanine in DNA possesses reducing capability and the
single-stranded form in ssDNA renders the guanine to be exposed
to reduce the GO sheets. This phenomenon can only be observed
on ssDNA, where the reducing capability is reduced on dsDNA that
may be attributed to the shielded guanine in double-stranded form
of dsDNA. However, the DNA functionalization on GO or rGO oc-
curs due the -7 interaction between graphene’s aromatic rings
and DNA’s nucleobases. The negatively charged ssDNA functional-
ization onto rGO contributes to the charge storage enhancement,
in addition to the double layer capacitance contributed by the rGO.
The dual functionality of ssDNA in GO reduction and charge stor-
age enhancement can stimulate a new research doorway to facil-
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itate the biomolecule-based supercapacitor by harnessing the out-
standing properties of DNA.
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