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To acquire substantial electrochemical signals of guanine-GUA and adenine-ADE present in deoxyribonucleic
acid-DNA, it is critical to investigate innovative electrode materials and their interfaces. In this study, gold-
loaded boron-doped graphene quantum dots (Au@B-GQDs) interface was prepared via ultrasound-aided
reduction method for monitoring GUA and ADE electrochemically. Transmission electron microscopy-TEM,
Ultraviolet-Visible spectroscopy-UV-Vis, Raman spectroscopy, X-ray photoelectron spectroscopy-XPS, cyclic
voltammetry-CV, and differential pulse voltammetry-DPV were used to examine the microstructure of the
fabricated interface and demonstrate its electrochemical characteristics. The sensor was constructed by depos-
iting the as-prepared Au@B-GQDs as a thin layer on a glassy carbon-GC electrode by the drop-casting method
and carried out the electrochemical studies. The resulting sensor exhibited a good response with a wide linear
range (GUA = 0.5-20 pM, ADE = 0.1-20 puM), a low detection limit-LOD (GUA = 1.71 pM, ADE = 1.84 pM),
excellent sensitivity (GUA = 0.0820 pAUM ™!, ADE = 0.1561 pApM ™) and selectivity with common interferents
results from biological matrixes. Furthermore, it seems to have prominent selectivity, reproducibility, repeat-
ability, and long-lasting stability. The results demonstrate that the fabricated Au@B-GQDs/GC electrode is a
simple and effective sensing platform for detecting GUA and ADE in neutral media at low potential as it exhibited
prominent synergistic impact and outstanding electrocatalytic activity corresponding to individual AuNPs and B-
GQDs modified electrodes.

1. Introduction numerous genetic illnesses such as metabolic disorders, vision and

hearing loss, blood diseases, and neurodegenerative diseases by storing

Deoxyribonucleic acid-DNA is a significant bio functional macro-
molecule involved in the encoding of genetic data as well as protein
creation. All living organisms have such genetic material in their cells.
DNA is composed of four different varieties of deoxyribonucleotide
monomers that form a block copolymer [1,2]. In biological sciences,
nucleobase analysis is crucial, particularly in the diagnosis of infectious
illnesses and the research of genetic alterations. They can impact

and transmitting biological information. Purine bases (Guanine-
GUA and Adenine-ADE) are constituted in DNA and serve a role in
cellular energy transmission and signaling through enzymatic oxidation
processes [3]. According to the Watson-Crick DNA base pairing mech-
anism, [Adenine] = [Thymine] and [Guanine] = [Cytosine], i.e., the
mole percentage of adenine equals thymine, and the mole percentage of
guanine equals cytosine [4]. Failure to identify mutations can result in
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cell death or apoptosis, disruption of gene expression, and cancer, all of
which can harm the organism’s health. Heart and muscle illness can be
caused by a simple mutation in mitochondrial DNA. As a result, aberrant
alterations in DNA bases in organisms cause a weakness in the immune
system and may signal the existence of an array of disorders, such as
cancer, HIV infection, epilepsy, and Alzheimer’s disease [5,6]. The
identification of DNA bases is crucial for clinical diagnosis and research
into the mechanisms occurring behind each genetic information [7,8].
Detecting DNA alterations is crucial, as is determining the best ap-
proaches to prevent or treat illness [9,10]. Different experimental
techniques (Microchip capillary electrophoresis, flow injection chem-
iluminescence, ion-pairing liquid chromatography, laser-induced fluo-
rescence detection, and micellar electrokinetic chromatography) have
all been developed to identify DNA bases[11-17]. Although these ap-
proaches have certain advantages, they frequently require expensive
apparatus, difficult processes, or time-consuming sample pre-treatments
[18]. Because of its benefits of speed, comfort, cheap expense, and ease
of quantization for small-volume samples, electrochemical methods
seem favorable for the study of bases present in DNA [19].

Complex efforts have lately been taken to improving the analytic
performance. Because of the superior conductivity, biocompatibility,
and larger surface area, carbon-based nanoarchitecture materials have
found widespread application in sensing and energy storage devices.
Graphene quantum dots-GQDs are a type of nanostructured material
that have recently gained a great deal of interest. Through various
chemical modifications, graphene quantum dots (GQDs), which are
zero-dimensional densely packed honeycomb graphene nanosheets with
a size of less than 100 nm, are used as an effective material in electro-
chemical applications. When compared to 2D zero-bandgap graphene
sheets, GQDs have stimulated significant and growing research interest
due to its exceptional features connected with quantum confinement
and edge effects [20,21]. Biocompatibility, chemical inertness, toxicity,
and conductivity are all advantages of GQDs. They are promising can-
didates for biosensing, cell imaging, and as a class of solar cells and
bioimaging probes [22,23]. The disadvantages of GQDs for electro-
chemical applications are poor electrical conductivity and their small
size to form the network for electron transport. In this regard, hetero-
atom doping can enhance the structural, optical, physical, and chemical
properties of GQDs. The incorporation of heteroatoms (such as B, N, and
S) into nanocarbon materials is frequently used to enhance their
fundamental electrical and chemical properties by altering their elec-
tronic structure. Concerning materials without doping, B-doped mate-
rials have shown a significant increase in electrical characteristics
compared to materials with other dopants [24]. Because carbon-C and
boron-B atoms have similar sizes, B may be readily doped by swapping a
C atom in the GQDs lattice structure. B has an electron shortage, i.e.,
because of their lower electronegativity than C atoms, B atoms inte-
grated with C atoms have a positive charge; therefore, its doping is ex-
pected to improve pure graphene’s p-type conducting behavior,
resulting in nano electrical device applications [25] towards sensors
[26], energy generation [27], storage [28], biomedicine [29], and
photocatalysis [30-35]. Thereby, the synthesis of boron-doped gra-
phene quantum dots could be an effective strategy for increasing the
electron transfer ability of graphene quantum dots which makes it an
excellent choice for highly efficient electron transfer in electrochemical
applications. The composites of the NPs and the hetero atom doped
quantum dots can retain the qualities of each component while also
providing synergistic benefits through cooperative contacts, resulting in
essential aspects including increased surface area, greater electro-
catalytic activity, better biocompatibility, and better electron transfer.
Consequently, this type of carbon material was adopted as the con-
ducting electrode for the fabricated electrochemical biosensor.

Furthermore, the introduction of Au onto the electrochemical in-
terfaces has infused new vigor into electrochemistry. AuNPs have
received increased interest from electroanalytical chemists due to their
outstanding analytical compatibility, high surface-to-volume ratio,
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and superior conducting capabilities [36]. AuNPs’ ability to bind to a
variety of biomolecules, as well as their strong electron-e™ capture
properties, made them a highly efficient metal for adsorbing bio-
molecules. AuNPs modified electrode surfaces have recently been re-
ported in vast numbers, resulting in functional electrochemical sensing
interfaces [37,38]. Once the nanometer scale Au particles covered the
surface of the supporting electrode comes into contact with the biolog-
ical analyte, rapid e- capture occurs, while carbon materials like quan-
tum dots, as the supporting electrode, quickly transfer these electrons,
thereby enhancing the electrode’s catalytic activity and boosting the
intensity and speed of ion-current conversion to electron current [39].
With the improvement of nanotechnology and nanoscience, metal
nanoparticles have a significant role in many fields like nanosensors,
catalysis, surface-enhanced Raman scattering, biological labeling, mi-
croelectronics and biomedicine due to their distinctive catalytic, ther-
mal, electrical and optical properties [40]. Metal nanoparticles have
large potential outcomes in biosensor performance because of their
considerable surface-to-volume ratio, surface reaction activity, excellent
electrical conductivity, great biocompatibility, and efficient synergist
limit. Thus, nanoscale Au particles had excellent catalytic activities for
the oxidation of purine bases in DNA.

This study presents, to our knowledge, the first comparative evalu-
ation of the electrocatalytic characteristics of electrodes modified using
composite materials based on boron-doped graphene quantum dots (B-
GQDs) and gold nanoparticles (AuNPs). A laterally developed layer of B-
GQDs interacts with AuNPs to form a highly selective and sensitive -
biosensor. They have been examined in the presence of GUA and ADE
using several electrochemical methods (cyclic voltammetry-CV, differ-
ential pulse voltammetry-DPV) and may be detected concurrently on the
as-prepared composite with good sensitivity across a wide linear range.
Eventually, the behavior of the newly fabricated electrode is assessed in
the existence of biological interferents such as different ions (glucose,
uric acid, ascorbic acid, and urea). Subsequently, the repeatability,
reproducibility, linear range, stability, selectivity, the limit of detection,
and sensitivity are established. The findings of these electrochemical
studies were reinforced by those acquired using other latest methods,
like HRTEM, UV-Vis, Raman spectroscopy, and XPS, which provided us
with information on the composite materials’ morphological and
structural features.

2. Experimental procedures
2.1. Synthesis methods

The sonochemical approach was employed to synthesize Au@B-
GQDs in this work, which was a simple and environmentally benign
process. The preparation procedures employed for Au@B-GQDs nano-
composite are schematically illustrated in Scheme 1. Au®* was con-
verted to AuNPs in the first stage using a conventional stirring process.
Secondly, B-GQDs are prepared by hydrothermal approach by
combining glucose and boric acid at 160 °C for 3 hrs. Finally, AuNPs are
then ultrasonically loaded onto the hydrothermally produced B-GQDs.
The section following has more extensive explanations.

2.1.1. Preparation of gold nanoparticles (AuNPs)

In a 20 mL beaker, gold nanoparticles were generated by diluting
CTAB (0.1 M) with ultrapure double distilled water (8 mL), then added
KI(0.01 M, 75 pL), HAuCly (25.4 mM, 80 pL), and NaOH (0.1 M, 20.3 pL)
in the same order results in a light yellowish colored solution. With
moderate shaking, ascorbic acid (0.064 M, 80 uL) was introduced into
the solution, results fading of yellowish color to a colorless state. Finally,
10 uL of NaOH (0.1 M) was introduced into the beaker with vigorously
shaking for 2 s. Scheme 2 shows the mechanistic details: Cetyl-
trimethylammonium bromide (CTAB) was explored as the surfactant as
well as protecting nanoparticles from aggregation, and iodide ions were
used as the shape-directing agent. The halide ions in gold nanoparticle
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Scheme 1. Schematic illustration for the preparation of AuNPs (a), B-GQDs (b), and Au@B-GQDs (c) composite materials.

synthesis utilizing cetyltrimethylammonium halide (CTA)-X X =
halide), where CTA-Au-X complexes played an essential role in guiding
nanoparticle shape progression [41]. Due to electrostatic forces, the
CTARB bilayer is present on all surfaces without iodide ions, resulting in a
lack of preferential development and an isotropic nanoparticle. Because
of its dominant specific adsorption on an iodide adlayer (CTA™-I7)
compared to other halide ions, a stable CTAB bilayer forms preferen-
tially in the presence of iodide ions and passively regulates the supply of
additional chemicals for the gold surface [42,43]. Sodium hydroxide
was used to adjust the pH of the growth solution. Upon the addition of
ascorbic acid (mild reducing agent), Au>" was quickly reduced to Au*,
as evidenced by the colour change of the solution from light yellowish to
colourless. Finally, a certain amount of NaOH was added into the solu-
tion quickly to start the Au' reduction process. With the addition of
NaOH, the previously colourless solution turns light reddish, indicating
that Au™ has been reduced to AuNPs. The colorless solution changed to
reddish-purple and then to blue over time. The growth process can be
achieved in 10 min [44]. The resultant AuNPs solution was allowed to
cool naturally before being kept at 4 °C until needed.

2.1.2. Preparation of boron doped graphene quantum dots (B-GQDs)
4 g of glucose was dissolved in 40 mL of deionized water (DI), then
16 mg of boric acid was added (0.4 wt% ). The mixture was transferred

to a 100 mL Teflon-lined stainless-steel autoclave and hydrothermally
treated for 3 h at 160 °C after 3 h of stirring at ambient temperature. A
light-orange tinted solution was formed after cooling to ambient tem-
perature [45].

2.1.3. Preparation of gold loaded boron doped graphene quantum dots
(Au@B-GQDs)

Finally, the Au@B-GQDs were made utilizing an environmentally
safe ultrasonication process. For ultrasonic irradiation, a sonication
device (Kaijo 30110 (QR - 003) model, frequency, 38 kHz; power, 50 W)
was utilized. 1:1 (v/v) ratio (1 mL of AuNPs along with 1 mL of B-GQDs)
was taken in a test tube and was sonicated at 50 W for 1 h. In the end, a
reddish-purple coloured solution was obtained. The generated sample
was directly employed for characterization tests and electrochemical
applications after the synthesis method. There was no separation or
drying procedure used in this case. Sonochemistry uses cavitation as it is
the most important of the effects because the most significant chemical
implications occur from the creation and collapse of microbubbles,
resulting in extraordinarily high pressures and temperatures. Chemical
synthesis aided by ultrasonication is widely recognized for saving re-
action time and chemical consumption. Furthermore, ultrasonication
has been shown to aid in the production of nanoparticles of various
morphologies.
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Scheme 2. Schematic illustration of synthesizing gold nanoparticles.

2.2. Real sample preparation

To determine GUA and ADE, a calf thymus DNA sample was hy-
drolyzed. In a sealed 10 mL glass tube, 1 mL of 1 M HCI was used to
digest 3 mg of calf thymus DNA. 1 mL of 1 M NaOH was used to alter the
pH of the solution after it had been heated in a boiling water bath for 60
min. The required amount of this solution was added to a 10 mL buffer
solution in the electrochemical cell (pH 7) [46].

The recovery percentage was determined by analyzing spiked sample
solutions according to the suggested analytical procedure:

(SSpiked - RReuI)

x 100 @
SSpiked

Recovery(%) =

where Sspiked represents the calculated analyte concentration in the
spiked sample (ug/mL) and Rgey Stands for the concentration of the
analyte in the real sample solution (ug/mL).

3. Results and discussion
3.1. Characterization of materials as-prepared

The morphology and microstructure of synthesized B-GQDs, AuNPs,
and Au@B-GQDs were examined chiefly using transmission electron

microscopy (TEM), energy dispersive X-Ray (EDX) analyses, selected
area electron diffraction (SAED). In supporting information, the results

for AuNPs and B-GQDs are provided (Fig. S1 & S2). The HRTEM images
of AuNPs which exhibited a mixture of triangles, hexagons, cubes, and
spheres having an average diameter of 40 + 6 nm (Fig. S1(a-b)). Fig. Slc
shows an HRTEM image of single Au crystal (perfect atomic arrange-
ment). The AuNPs are crystalline in nature, as evidenced by the distinct
lattices. The diffraction pattern derived from AuNPs is depicted in
Fig. S1d, with rings corresponding to the (111), (200), (311), and
(222) reflections of gold’s face-centered cubic (fcc) structure [47].
HRTEM scans of B-GQDs notify modest particle sizes ranging from 2 to 6
nm that are densely and consistently scattered (See Fig. S2(a-b)). The
HRTEM image of B-GQDs (Fig. S2¢) indicates that they are extremely
crystalline, with a lattice spacing of 0.240 nm that corresponds to the (1
1 2 0) graphene lattice constant, which is greater than that of undoped
GQDs (0.21 nm) [48,49]. The SAED pattern showed diffraction rings
caused by randomly oriented nanocrystals, validating the crystallinity of
the produced B-GQDs (Fig. S2d).

Fig. 1 shows the results obtained after incorporation of AuNPs on B-
GQDs. It is found that after ultrasonic treatment, the Au nanoparticles
are strongly bound to the B-GQDs and have a size in the range 45 + 15
nm, i.e., gold nanoparticles with different morphologies are dispersed on
the B-GQDs film surface uniformly (Fig. 1(c)). The B-GQDs layer is
grown laterally and over which Au nanoparticles are anchored to create
a biosensor that is highly selective and sensitive. (Fig. 1b). In Fig. 1d, the
SAED patterns showed that the composite is polycrystalline as same as
AuNPs. The bright-field TEM image of as-prepared Au@B-GQDs and the
corresponding elemental color mapping of B, C, and Au are provided in
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Fig. 1. TEM images of Au@B-GQDs (a-c) and SAED pattern for Au@B-GQDs (d) at various scale magnifications.

Fig. 2. The EDX spectrum of Au@B-GQDs nanocomposite confirms the
presence of constituents such as B, C, and Au. This certifies the successful
preparation of the target material (Au@B-GQDs).

Fig. 3 studies reveal the optical properties of the as-prepared AuNPs,
B-GQDs, and Au@B-GQDs nanocomposite. In Fig. 3a, AuNPs show a
UV-Vis absorption spectrum at 550 nm and small peaks between 800
and 1200 nm indicating that the gold nanoparticles have been formed
with different morphologies which include the spherical shape. Fig. 3b
shows the UV — Vis absorption spectrum of B-GQDs which shows a peak
at 230 nm designated to the m to m* transition of aromatic sp?> domain
[50]. Peak around 280 nm is assigned as n to m* transitions of non-
bonding electrons of oxygen atoms involved in C = O and/or C-O
bonds. In the case of Au@B-GQDs, characteristic peaks of both AuNPs
and B-GQDs are noticed. The UV-Visible spectrum confirms the for-
mation of Au@B-GQDs through a sonochemical approach. These find-
ings are consistent with those obtained by TEM analysis, establishing
that nanoparticles were formed using the sonochemical synthesis
approach.

Fig. 4 shows studies regarding Raman analysis of B-GQDs and Au@B-
GQDs. Fig. 4a exhibit two remarkable peaks for B-GQDs at 1390 em™?
and 1542 cm™! which corresponds to the distinct D and G band,
respectively. The degree of graphitization may be explained using the G
band, which is correlated with the Epg vibration mode of sp2 carbon
domains, while the D band is linked to structural imperfections and
partially disordered sp? domain structures [50-52]. Fig. 4b exhibit two
remarkable peaks for Au@B-GQDs at 1383 cm ™! and 1558 cm™L. The

upshift of the G band in Au@B-GQDs, when compared to B-GQDs,
suggests the fact that Au@B-GQDs is doped with p-type of dopant.
Previous research has established that the G band in Raman spectra is a
sign of p-type doping owing to upshift of band and that this is the case
here due to the implementation of Boron and gold over graphene
quantum dots [53]. The Ip/Ig ratio in the Raman spectra is widely used
to assess graphene materials’ structural disorder. It was found out that
Ip/Ig ratio for B-GQDs and Au@B-GQDs are 0.9067 and 0.8876
respectively. The reduced Ip/Ig ratio suggests that the graphitic frame-
work has been effectively restored structurally. However, the Au@B-
GQDs have a wider D band than B-GQDs, indicating that the immobi-
lization of Au atoms into the conjugated carbon backbone has resulted in
relatively disordered structures.

XPS tests were carried out to gain a better understanding of gold and
boron doping in graphene quantum dots, as well as the chemical
composition of Au@B-GQDs. (Fig. 5). Fig. 5a depicts survey spectra of
Au@B-GQDs, which include Ols, Cls, Bls, and Au4f peaks with no
additional impurities found. Fig. 5b demonstrated two peaks of Au4f at
83.4 eV and 87.1 eV that are allocated to Au4f;/» and Au4fs,,, respec-
tively [54]. In Fig. 5c, the Bls spectrum is represented and is deconvo-
luted into two peaks as B4C (denoted as B-C*) (187.5 eV) and B-C
(189.03 eV) were observed, which confirms the boron doping into the
carbon matrix [55]. The peaks in the Cls spectrum indicate the
appearance of C-C (284.5 eV), C-O (285.9 eV), and C = O (287.3 eV).
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3.2. Electrocatalytic oxidation of GUA and ADE

Fig. 6 illustrates electrochemical activities using cyclic voltammo-
gram responses of (a) Bare/GCE, (b) AuNPs/GCE, (c) B-GQDs/GCE, and
(d) Au@B-GQDs/GCE modified electrodes using [Fe(CN)6]3’/ 4 asa
redox couple solution (5 mM K3[Fe (CN)¢] in 0.1 M KCI). The format of
the redox peaks is relatively broad at the bare GCE (Fig. 6a), and the
peak potential separation (AE,) is relatively high with low background
current. Upon the modification of the GC electrode surface with AuNPs

3 |
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Fig. 4. Raman spectra of B-GQDs (a) and Au@B-GQDs (b).

and B-GQDs, redox peaks were not distinguishable and the peak currents
of the system increased regarding AuNPs and B-GQDs/GC electrode
while the peak separation notably increased as well, i.e., having a large
peak to peak separation (Fig. 6b and 6¢). Au@B-GQDs modified GC
electrode (Fig. 6d) also shows a reduced peak-to-peak separation, and
the large background currents indicate that the electron kinetic rate is
improved, hence an excellent electrochemical catalytic behavior was
attained. Such findings show that the increased surface area supplied by
the Au@B-GQDs modified GC electrode significantly improves electron
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and mass transfer.
Electrochemical investigations were carried out in the presence of
GUA and ADE (individually) using various electrodes. Firstly, Fig. 7A

shows CVs of the (a) bare/GCE, (b) AuNPs/GCE, (c) B-GQDs/GCE, and
(d) Au@B-GQDs/GCE in a 0.1 M phosphate buffer solution with the
presence of 25 pM GUA in the potential window ranging from + 0.4 V to
+ 1.4 V with a scan rate of 50 mV/s. First, in the case of the bare/GC
electrode in the chosen potential window, there is no oxidation signal
for GUA. This finding suggests that the bare/GCE has almost no elec-
trocatalytic activity for GUA oxidation. For AuNPs/GCE and B-GQDs/
GCE, a small broad peak was noted at 0.885 and 0.807 V, respectively.
Thus, such nanomaterials show improved electrocatalytic activity to-
ward GUA oxidation upon compared to the bare electrode. However, for
Au@B-GQDs modified GC electrode a distinct oxidation peak is observed
at 0.811 V with a considerable increment in the current this might be
attributable to GUA electrosorption which leads to the generation of
adsorbed intermediates. This finding suggested that Au@B-GQDs had
high electrocatalytic activity toward GUA oxidation, which may be
attributed to a synergistic effect of AuNPs and B-GQDs. The same tests
were carried out while accounting for ADE.

Fig. 7B displays CV profiles of the (a) bare/GCE, (b) AuNPs/GCE, (c)
B-GQDs/GCE, and (d) Au@B-GQDs/GCE in a 0.1 M phosphate buffer
solution with the presence of ADE in the potential window ranging from
+0.4 V to +1.4 V with a scan rate of 50 mV/s. As seen before, in the
specified potential window, there is no oxidation signal for ADE towards
bare/GC electrode. This shows that the bare/GC electrode has relatively
low electrocatalytic activity in the oxidation of ADE. Peaks were seen at
1.102 V and 1.05 V for AuNPs/GCE and B-GQDs/GCE, respectively,
which are having higher background peak current compared to bare/
GC, which results in having a better ability to detect ADE oxidation.



R. Kaimal et al.

oo
i

(A)

WA _

H
N

Current (uA)
i

N
2

Current
bl

06 08 1.0 1.2
Potential (V vs Ag/AgCl)

Ultrasonics Sonochemistry 83 (2022) 105921

(B)

»
1

(d)

1.2
Potential (V vs Ag/AgCl)

06 08 1.0 1.4

Fig. 7. (A) CVs of (a) bare/GCE, (b) AuNPs/GCE, (c) B-GQDs/GCE, and (d) Au@B-GQDs/GCE in 0.1 M PBS containing 25 pM GUA. (B) CVs of (a) bare/GCE, (b)
AuNPs/GCE, (c) B-GQDs/GCE, and (d) Au@B-GQDs/GCE in 0.1 M PBS containing 25 uM ADE. Scan rate: 50mVs !

However, for Au@B-GQDs modified GC electrode a distinct oxidation
peak was observed at 1.081 V with a considerable rise in background
peak current, showing that it has better sensing characteristics than
AuNPs and B-GQDs, which again might be attributed to a synergistic
effect of AuNPs and B-GQDs.

In the cathodic direction, no peaks were seen, implying that there is
just one oxidation wave without reduction, implying that the charge
transfer mechanism is irreversible for both analytes. As a result, Scheme
3 depicts the probable process for the oxidation of GUA and ADE
[56,57].

The detection of GUA and ADE were also carried out using differ-
ential pulse voltammetry-DPV, which is significantly more sensitive and
has a greater resolution than CV. Fig. 8A shows differential pulse vol-
tammograms of the (a) bare/GCE, (b) AuNPs/GCE, (c) B-GQDs/GCE,
and (d) Au@B-GQDs/GCE in a 0.1 M phosphate buffer solution with the
presence of 25 uM GUA in the potential window ranging from +0.4 V to
+1.4 V with a scan rate of 10 mV/s. In DPV, peaks are shifted to the left
side due to increased sensitivity and lower capacitive currents. At the
bare GC electrode, just a slight background current was recorded in 25
uM GUA in pH = 7. In Fig. 8b B-GQDs/GCE shows a relatively broader
peak at 0.741 V while AuNPs/GCE (Fig. 8c) shows not a well-defined
and much wider peak for the oxidation of GUA. On the other hand,
Au@B-GQDs/GCE has a well-defined sharp peak at a lower potential
than both B-GQDs and AuNPs at 0.679 V with a much higher current.

2H 2e
)\ +H20 \

NH,
2H 26 NZ N

+H,0 A

NH,

d

>=o

2H -2
+H20

This lower applied potential suggests that GUA is easy to be oxidized on
the Au@B-GQDs/GCE, this indicated that modified Au@B-GQDs/GCE
shows good electrocatalytic performance towards guanine oxidation.

Fig. 8B shows the positive-going portions (anodic) of cyclic vol-
tammograms of the fabricated Au@B-GQDs/GC electrode in 0.1 M PBS
(pH = 7) containing 25 uM ADE at the scan rate of 10 mV/s. At the bare
GC electrode, just a slight background current was recorded in 25 uM
ADE in 0.1 M PBS (pH = 7) solution. Au@B-GQDs/GC electrode shows a
more significant but wider peak at +1.063 V and +1.035 V respectively
upon compared to AuNPs/GCE and B-GQDs/GCE. ADE was oxidized at
+1.035 V with a substantial current, implying a negative shift and an
increase in current in the presence of Au@B-GQDs/GCE. (Fig. 8d). These
results represent that during ADE detection, the Au@B-GQDs can boost
the electron transfer rate more than bare and other modified electrodes,
which indicates its good catalytic activity towards the ADE sensing. The
increase in peak current and a negative shift in the oxidation potential
are obvious indications of Au@B-GQDs’ electrocatalytic activity in the
oxidation of GUA and ADE.

Fig. 9 shows differently modified electrodes at pH 7 with and without
25 uM GUA and 20 uM ADE at the scan rate of 50 mV/s. AuNPs/GCE, B-
GQDs/GCE, and Au@B-GQDs/GCE do not exhibit any distinct peaks in
the absence of GUA and ADE. However, in the presence of GUA and
ADE, AuNPs/GCE and B-GQDs/GCE demonstrate significant oxidation
capability at average potentials of +0.8 V for GUA and +1.1 V for ADE.

ﬁi =0
e

-2H

2H

m

Scheme 3. Oxidation mechanism of guanine (A) and adenine (B).
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Fig. 9. CVs of AuNPs/GCE (a), B-GQDs/GCE (b), and Au@B-GQDs/GCE (c) in 0.1 M PBS (pH = 7) with and without 25 uM GUA and 20 uM ADE.

However for the fabricated Au@B-GQDs/GC electrode, in the presence
of GUA and ADE, a peak was noticed at +0.813 V and +1.075 V. The
Au@B-GQDs/GCE nanocomposite, on the other hand, demonstrated a
characteristic electrooxidation response to GUA and ADE, indicating
that the nanocomposite had strong electrocatalytic activity for these two
nucleobases. This may be due to the synergic effect in Au@B-GQDs by
the incorporation of gold onto the boron-doped graphene quantum dots.

Further studied the simultaneous determination of GUA and ADE
using CV. Fig. 10 shows the CVs of (a) bare/GCE, (b) AuNPs/GCE, (c) B-
GQDs/GCE, and (d) Au@B-GQDs/GCE in a 0.1 M phosphate buffer so-
lution with the presence of both GUA (25 uM) and ADE (20 uM) in the
potential window ranging from +0.4 V to +1.4 V at a scan rate of 50
mV/s. In Fig. 10, the bare/GC electrode did not show any peaks implying
it has negligible electrocatalytic activity towards the GUA and ADE
oxidation. In the case of AuNPs/GCE, two broad peaks of low current
intensity were observed at +0.781 and +1.079 V for GUA and ADE
respectively (Fig. 10b). Likewise, B-GQDs/GCE (Fig. 10c) also shows
two peaks of relatively low current intensity for GUA and ADE,
respectively, at +0.708 and +0.9845 V. The current response of Au@B-
GQDs/GC electrode to GUA and ADE is quite strong and sharp, with two
peaks at +0.743 and +1.052 V, respectively. These findings reveal that
modified Au@B-GQDs are capable of effectively detecting GUA and ADE
simultaneously in a mixture.

0.4 0.6 0.8 1.0 1.2 1.4
Potential (V vs Ag/AgCl)

Fig. 10. CVs of (a) bare/GCE, (b) AuNPs/GCE, (c) B-GQDs/GCE, and (d)
Au@B-GQDs/GCE in 0.1 M PBS containing 25 uM GUA and 20 uM ADE. Scan
rate: 50 mVs L.
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Using CV, the effect of scan rate at Au@B-GQDs modified GC elec-
trode was examined in 0.1 M PBS solution (pH = 7.0) containing 25 pM
GUA and 20 uM ADE (Fig. 11) shows only anodic peaks of GUA and ADE
which illustrate that purine base oxidation on the modified electrode is
irreversible. The anodic peak currents of GUA and ADE are seen to in-
crease linearly upon increasing the scan rate from 20 to 200 mV/s range,
which suggests that the electrocatalytic oxidation of GUA and ADE at the
Au@B-GQDs electrode is a surface-controlled process.

The determination of GUA and ADE simultaneously with an incre-
ment in the concentration at Au@B-GQDs/GC electrode was cross-
examined by using DPV in Fig. 12. The concentrations of GUA and
ADE were changed from 10 to 140 pM in 0.1 M PBS solution at a scan
rate of 10 mV/s. The anodic peak responses for the binary mixtures
including GUA and ADE are well separated, with a potential difference
of 330 mV according to DPV experiments. The response current related
to the analyte oxidation increases as the binary mixture concentration
rises. The resulting current is proportional to the analyte concentration
in the reaction vessel. A linear rise in current intensity as a function of
increasing concentration of GUA and ADE can be observed.

As purine bases (GUA and ADE) coexist in DNA, simultaneous
identification of both is critical from a diagnostic standpoint. The
coexistent solution with different concentrations of GUA and ADE was
detected by DPV by attempting to measure the sensor’s performance in
terms of individual determination of each using an Au@B-GQDs modi-
fied GC electrode. The concentration of one analyte was altered in this
investigation, while the concentration of another analyte remained
constant (Fig. 13). The intensity of the oxidation peak current for the
tested analyte increased, meanwhile, the current intensity of the others
remained steady, indicating that there was no interference impact be-
tween them. These findings show that these purine bases can be iden-
tified in a combination at the concentration range examined. In Fig. 13A,
the concentration of GUA was changed from 0.5 to 20 uM while the
concentration of ADE was kept constant at 5 uM in 0.1 M PBS solution
with a DPV (scan rate of 10 mV/s). It was observed that as the con-
centration of GUA was raised, the response current to GUA grew as well,
whereas the response current to ADE remained nearly constant. Two
distinct oxidation peaks are detected corresponding to the oxidation of
GUA and ADE. The linear range of 0.5-20 uM towards GUA sensing with
a low limit of detection at 1.71 uM with the sensitivity of 0.082 yAuM .
In Fig. 13B, the concentration of ADE was changed from 0.1 to 20 uM,
and GUA was kept constant at 5 uM in 0.1 M PBS solution with a DPV
(scan rate of 10 mV/s). The response current to ADE increased as the
concentration of ADE increased, but the response current to GUA
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Fig. 12. DPVs of Au@B-GQDs in 0.1 M PBS containing 10-140 uM of GUA and
ADE each. Scan rate: 10mVs .

remained practically constant. The oxidation of GUA and ADE is rep-
resented by two well-defined oxidation peaks. The peak-to-peak spacing
is 300 mV, indicating that both ADE and GUA may be well detected
together. The linear range of 0.1-20 pM towards ADE sensing with a low
detection limit of 1.84 pM with the sensitivity of 0.156 pAuM . A good
linear response, limit of detection, and sensitivity to either GUA or ADE
concentrations are obtained. Thus, the proposed Au@B-GQDs/GC
electrode may be employed for the sensitive and selective detection of
GUA and ADE. Table 1 summarizes a comparison of detection limit and
linear range utilizing Au@B-GQDs/GC electrode to several modified
electrodes in the literature. The proposed Au@B-GQDs/GC electrode
showed enhanced dynamic range and LOD for GUA and ADE which are
comparable with the previously reported electrodes. This comparison
revealed the ability of the Au@B-GQDs/GCE sensor to accomplish the
simultaneous detection of GUA and ADE.

Selectivity is one of the desirable basic requirements for sensor ap-
plications. The selectivity of the Au@B-GQDs modified electrode for
sensitive detection of GUA and ADE, as well as a number of important
metal ions and biological substances that could interfere with the re-
sults, were investigated. The effects of these interfering species were
investigated by measuring 25 uM GUA and ADE in the presence of
various concentrations of the interferents in the PBS (pH = 7) electrolyte
(Fig. S3). It can be seen that ascorbic acid, glucose, urea, uric acid, and
inorganic ions such as Ca®*, Fe>*, Na*, K™ had a negligible effect on the
determination of GUA and ADE (signal change <10%). As a result of the
anti-interference properties, the newly designed Au@B-GQDs/GC elec-
trode appears to be a potential technique used to detect GUA and ADE in
biological matrixes.

Fig. S4 shows the long-lasting stability of the prepared Au@B-GQDs/
GC electrode studied over five weeks during which the electrode was
kept at a temperature of 4 °C. The tests were carried out with a solution
of 25 yM GUA and 20 pM ADE dissolved in PBS (0.1 M pH 7.0). After 5
weeks, the modified electrode retained 83% and 88% of their initial
current response of GUA and ADE, respectively, proving that the elec-
trode’s detection capability is satisfactory for a sufficient period. The
chemical stability of AuNPs and B-GQDs in the redesigned Au@B-GQDs/
GC electrode might explain these results. It signifies that the prepared
electrode is quite stable over a sufficient period. The reproducibility of
the proposed sensor is demonstrated in Fig. S5 by serial detection of 25
pM GUA and 20 pM ADE in PBS solution (0.1 M pH 7.0). The relative
standard deviations (RSD) were estimated to be 1.9 % for GUA and 5.0
% for ADE using five independently designed electrodes, exhibiting high
reproducibility. The repeatability of the constructed electrodes was
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Fig. 13. (A) DPV of Au@B-GQDs/GCE in 0.1 M PBS containing 0.5-20 uM GUA and 5 pM ADE. Scan rate:10 mV/s. Inset: Plot of peak current as a function of the
concentration of GUA. (B) DPV of Au@B-GQDs/GCE in 0.1 M PBS containing 5 pM GUA and 0.1-20 uM ADE. Scan rate:10 mV/s. Inset: Plot of peak current as a

function of the concentration of ADE.

Table 1
Comparison of detection limit using Au@B-GQDs/GC electrode to various
modified electrode previously reported in the literature.

Electrodes Dynamic Range Limit of References
(M) Detection
(uM)
GUA ADE GUA ADE
Au/HG electrode 6-500 0.6-40 2.5 0.42 [40]
MWCNT- Fe304@PDA-Ag/ 8-130 10-120 1.47 5.66  [58]
GCE
Au-rGO/MWNCT/graphite 3-170 3-190 3.3 3.7 [59]
PANI/MnO,/GCE 10-100 10-100 4.8 29 [46]
Au paste electrode 3-23 3.9-69.3 1.3 0.74 [60]
Au@B-GQDs/ GCE 0.5-20 0.1-20 1.71 1.84  This Work

assessed by repeating the voltammetric responses five times with the
same electrode, as shown in Fig. S6, and its effects on the peak currents
of 25 uM each of GUA and 20 pM ADE in pH 7.0. With 5 consecutive
measurements, the RSD was found to be 4.6 % for GUA and 4.5 % for
ADE.

3.3. Detection of GUA and ADE in real sample

The applicability of the proposed sensor Au@B-GQDs/GC electrode
in biological samples for the determination of GUA and ADE was eval-
uated in a thermally denatured calf thymus DNA sample. The material
was pretreated as outlined in the experimental section prior to analysis.
A spike recovery analysis was performed on the sample matrix at two

Table 2
Determination of GUA and ADE using standard addition method in real sample
(n = 3).

Sample  Analyte Detected Added Found Recovery rate
(nA) (uM) (nA) %
1 Guanine 1.3+1.1 10 11.1 + 99.0
1.2
Adenine 4.8+ 1.4 20 25+1.7 101.0
2 Guanine 1.31 £1.2 30 31.1 + 99.3
1.9
Adenine 4.7 +1.3 10 149 + 102.0
1.7

11

different concentrations and the obtained results are presented in
Table 2. The standard addition method was used to test the recovery.
This was established by adding a known concentration of guanine and
adenine to the HCI digested calf thymus DNA sample. The high recovery
rates of 99 to 102 % for GUA and ADE in calf thymus DNA demonstrated
the Au@B-GQDs/GC electrode electrochemical sensor’s accuracy in
determining GUA and ADE bases in actual samples in the presence of
interferents.

4. Conclusions

In this work, it has been manifested that the synthesis of Au@B-GQDs
nanocomposite can be successfully prepared by sonochemical reduction.
The fabricated Au@B-GQDs/GC electrode exhibit very attractive elec-
trocatalytic activity towards GUA and ADE oxidation in neutral media
and the synergetic effects between AuNPs and B-GQDs is helpful to
improve the electrocatalytic activity in ADE and GUA oxidation. The
experimental results show Au@B-GQDs nanoparticles have much higher
electrocatalytic activity than AuNPs and B-GQDs. Furthermore with
common interfering biomolecules (glucose, uric acid, urea, and ascorbic
acid), the produced electrochemical sensor exhibits amazing stability,
outstanding reproducibility, and good repeatability. In real sample
analysis, the newly designed Au@B-GQDs/GC electrode demonstrates
its operational flexibility and good recovery yield in the GUA and ADE
determination. The existence of edge defects in quantum dots aids in the
adsorption of additional metal ions, and doping aids in the insertion
process, which results outstanding electrooxidation responses towards
GUA and ADE. As a result of this research, a novel method for creating
zero-dimensional carbon nanostructures has been developed, as well as
a new avenue for developing new types of materials for electrochemical
sensing.
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