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ABSTRACT: According to WHO, cervical cancer is considered as one of the %

most frequently diagnosed cancers and the fourth main source of cancer death in %Q v

women in 2020 worldwide. Hence, there is a need for development of cervical YY) 1Y
cancer screening with new rapid and cost-effective methods. Although there are \ V) 3 AN
few methods available for HPV identification, these techniques are less sensitive, —

time-consuming, and costly. An ultra-sensitive, selective, and label-free DNA-based N-cDs/TO

impedimetric electrochemical genosensor is developed in this study to detect /

HPV-18 for cervical cancer. Electrochemical analysis was performed for the
characterization of the sensing platform and for the detection of analyte. A single-
stranded 25mer oligonucleotide DNA probe was immobilized onto a nitrogen-
doped carbon nanodot-modified ITO electrode. Furthermore, the hybridization [
event was measured by testing the complementary single stranded DNA sequence Cyelic Voltammetry mi
in the samples. The sensor could distinguish between complementary as well as Aretyste Aretvst
non-complementary sequences. Herein, impedance quantification demonstrated a

limit of detection of 0.405 fM. The developed genosensor showed high selectivity toward HPV-18 in the clinical samples. This
sensing platform can be considered as a rapid and selective method for the screening of HPV-18.

Bare ITO Electrode

1. INTRODUCTION
Globally, among women between the age group of 20 to 39

identify the specific oncogenes. In addition, they require more
time in generating reliable and accurate data,” limited to

years,1 cervical cancer in 2020 has estimated around 604,000 laboratory testing due to complex workflows, lack of skilled

. . 10 o - .11
new and 342,000 death cases.” Therefore, its diagnosis at an professionals, expensiveness, and limited clinical settings.

early stage is a worldwide significant health challenge.’ The Therefore, these techniques are not suitable fornthe countries
with inadequate resources as well as personnel.

vital human causative agent of cervical cancer is human
papillomavirus (HPV). HPV is a non-enveloped double- Thus, DNA biosensors can be a better alternative to the
traditional methods because of the demand for miniaturized,

stranded circular DNA genome and the most common sexually

transmitted virus. It is protected by an icosahedral capsid,
which forms a $5 nm molecule.””” Epidemiologic research has
shown that 93 to 100% of invasive cervical cases are linked to
HPV-16 and HPV-18.° The oncogenic regions E6 and E7
present in HPV are highly infectious. These regions in HPV-16
or 18 strains promote malignant transformation and tumor
growth.” HPV-18 is the second most carcinogenic viral strain
affecting the cervix after HPV-16. Out of all HPV-18 infections,
37% of symptoms belong to cervical adenocarcinomas (ADC)
compared to 12% of squamous cell carcinomas (SCC). The
vast majority of the HPV-18 are asymptomatic and have the
potential to evade clearance by the immune system. Therefore,
for the prevention of cancer at an early stage, methods for
HPV-18 DNA detection have become a necessity."
Approachable diagnostic techniques for early detection of
cervical cancer are the Papanicolaou test (Pap Smear), dot
blot, Hybrid Capture 2 (HC2) assays, and specific nucleic acid
amplification methods. Moreover, these techniques have
certain limitations such as poor specificity and inability to
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affordable," simple, specific, and rapid detection of patho-
gens.'»'” They serve as a point of care testing device with high
selectivity, sensitivity, and real-time response.16 These
diagnostic devices are fabricated to detect target DNA
(TDNA) from a million-fold surplus of non-targeted species.
DNA probes (PDNA) are immobilized onto the surface of the
electrode to detect the hybridized event with complementary
DNA.'"> Electrochemical DNA biosensors offer high
sensitivity with rapid detection through signal amplification'”
and a low detection limit.'® To enhance the performance of the
biosensor, the electrode surface is modified with distinct
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nanomaterials.'® These nanostructured platforms act as
significant interfaces between biomolecules and the electrode
surface, providing stable binding for the particular molecule
without any biological activity loss. Numerous materials such
as nanoparticles, nanowires, nanorods, nanotubes, and
quantum dots have been widely used in biosensing.”'”

In this research work, we have reported a label-free
impedimetric genosensor that is potentially suitable for the
specific identification of HPV-18 DNA sequences. The
electrodeposition of N-CDs was done onto the ITO glass
electrode for immobilization of PDNA specific for HPV-18.
Hybridization of the TDNA and PDNA was performed in the
sample solution (10 mL of 0.1 M electrolyte solution
(K;[Fe(CN)4])) and measured after the incubation time.
Various parameters have been optimized, and electrochemical
evaluation has been done. The present label-free genosensor
shows high selectivity and wide linear range with a low limit of
detection.

2. RESULTS AND DISCUSSION

Herein, a novel HPV-18 genosensor with a probe sequence
that matches with the sequence retrieved from the CDD
(Conserved Domain Database)*” was designed. The probe
sequence is selected from the conserved E6 region (105—581
genome seq) of the HPV-18 E6 region. This E6 sequence is
cross-checked against the CD-search database.”’ It was found
that it matched well with other protein clusters found in Prk
(PRotein K(c)lusters) database correlating to the non-specific
hits of E6 proteins: PHA02779 (50—422 nt) and PHA02775
(40—422 nt) provisional under the cl27673: E6 Superfamily.
The alignment showed a significant conserved region between
40 and 422 nt. The best way to detect HPV-18 causing cervical
cancer via electrochemical detection is to trace a common
HPV sequence conserved in most HPV strains. Specific regions
(protein sequence) in a virus that remains unchanged after
multiple generations of mutations and strain formations can
help us to identify the particular virus family easily. These
regions are called conserved sequences, which resulted due to
the recurring gene sequence that are translating them.”” A
novel way to make the diagnostic kit far more efficient is by
detecting a large group of similar viruses (multi-strains) and
making it effective against future mutants, as this concept is
Stizll followed in recently designed biosensors for SARS-COV-
2.7

Furthermore, electrochemical studies were performed to
evaluate the step-by-step fabrication of the sensing platform.
The electrode fabrication process includes nanodot deposition
on ITO for genosensing of HPV DNA. First, nanodots (N-
CDs) are deposited onto the substrate surface, i.e., electrode,
through the electrodeposition method (as mentioned in
Section 2.6) to develop the nanodot-modified ITO electrode.
Second, immobilization onto the modified electrode was
performed. In this step, the physical method was performed for
PDNA immobilization. Physical adsorption is the simplest
method for immobilization and does not denature the
immobilized enzyme. This adsorption method is based on
the combined action of van der Waals force and hydrophobic,
ionic, and hydrogen interactions, due to which the bioreceptor
attaches to the surface of the sensor. This is a simple-to-use
and cost-effective process.”

In the last step, immobilized PDNA was allowed to
hybridize with a complementary TDNA present in the sample.
This step is followed by the conversion of DNA hybridization

events into a measurable current signal (changes in current
with and without hybridization have been measured).

2.1. Characterization of N-CDs. To determine the size
and morphology of carbon dots, transmission electron
microscopy (TEM) was performed. The TEM image of N-
CDs, as shown in Figure 1a, depicts that nanodots are spherical
and dispersed uniformly (inset shows the zoom image of N-
CDs). The average diameter was measured to be ~15.47 nm.>

FT-IR (Fourier-transform infrared spectroscopy) analysis
was performed for the nanomaterial to identify their chemical
composition”® and surface functional groups present on N-
CDs. The broad peak at 3331 cm™ was due to the stretching
vibrations of O—H and N—H. A band was assigned to C—H at
2928 cm™". The peak at 1639 cm™" was assigned to the C=0
and C=C bond stretching vibrations, while the C—O-C
characteristic stretching band was observed at 1381 cm™.
Moreover, the band at 1131 cm ™! was attributed to C—N and
C—S bonds.””** The FT-IR analysis is shown in Figure 1b. At
around 365 nm, a typical absorption band displays carbon dots
(Figure 1c) synthesis by hydrothermal carbonization contain-
ing amide function and extending to the visible region.w—31
This wide range of 300—400 nm was due to the transition of
electrons, and a peak at 365 nm could attribute to the
appearance of aromatic 7 orbitals of carbon dots. Upon the
illumination of 365 nm UV light, a blue-green color was
generated immediately by the carbon dots solution (Figure 1c
inset).32

2.2. Electrochemical Detection of the Sensing Sur-
face. The design and fabrication of the HPV genosensor were
shown schematically (Scheme 1). The N-CD-modified
electrode is considered to be an excellent platform for further
immobilization process. N-dopants may help to improve the
positive charge density with the help of neighboring carbon
atoms.” N-CDs are positively charged enabling electrostatic
interactions between PDNA and the carbon nanodots.”**®
Thus, enhancing the electrochemical signals significantly.

For the detection of DNA in label-free biosensing, EIS
detection is considered to be the most optimistic technique. In
this, the dielectric parameters of biological complexes are
studied in broad frequency. The functional and fundamental
information between the electrolyte and electrode at the
interface is provided by the EIS technique.*® Also, the Nyquist
diagram demonstrates two regions on the electrode surface
during the reactions. The semicircle was obtained by high-
frequency modulation, which represents transfer of electron
processes, and low-frequency modulation, which represents the
mass transport of the redox type. Charge transfer resistance
(Ry) being the important parameter in EIS is used for
sequence immobilization and hybridization.”” Figure 2a
presents the Nyquist plots at bare ITO, N-CDs/ITO,
PDNA/N-CDs/ITO, and TDNA/PDNA/N-CDs/ITO; the
noticeable semicircle of bare ITO (light green semi-circle),
PDNA/N-CD-modified ITO (light blue semi-circle), is smaller
than that of the bare ITO. After immobilization, the semicircle
was increased (light violet semi-circle) in the modified PDNA/
N-CDs/ITO and with the hybridization of target DNA (Light
Orange semi-circle). The bare ITO showed a semicircle with
R, of about 32.54 Q. N-CDs/ITO-modified electrode
displayed a much lower resistance of 18.55 €2, which indicated
N-CDs as an excellent electric conducting material and
accelerated the transfer of electrons. The R, increased
perceptibly to 45.65 Q when PDNA was immobilized onto
the modified electrode surface, formed an auxiliary barrier, and
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Figure 1. (a) TEM of N-CDs; the inset shows the N-CDs of 20 nm.
(b) FTIR spectroscopic analysis of N-CDs. (c) UV—visible spectra of
N-CDs.

prevented the reaction onto the electrode surface. Further
enhancement in R, (6042 Q) is elevated after the hybrid-
ization of TDNA. This was because of the increase in the

Scheme 1. The Present HPV-18 DNA Biosensor Design
Based on the Immobilization of the Probe DNA and
Hybridization of Target DNA onto the N-CD-Modified ITO
Glass Electrode
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Figure 2. (a) Nyquist plots of bare ITO, N-CDs/ITO, immobiliza-
tion of probe DNA onto N-CDs/ITO, and hybridization with
complementary target DNA. (b) CV analysis of bare ITO, N-CDs/
ITO, after the immobilization of probe DNA, and after hybridization
electrode containing 0.1 M K;[Fe(CN),] at 50 mV s,

negative charge owing to the formation of double-stranded
DNA."”

31039 https://doi.org/10.1021/acsomega.1c03919
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As Figure 2b depicts, the current peak at Ipa = 2.25 mA and
Ipc = —2.23 mA shows bare electrode with the smallest current
when compared to the N-CD-modified electrode with Ipa =
4.79 mA and Ipc = —4.71 mA. This increase in current was
because of the conductive nature of N-CDs, which eases the
transfer of electrons. Furthermore, probe DNA was immobi-
lized onto the modified ITO and a decrease in current signal
was seen of Ipa = 2.71 mA and Ipc = —2.61 mA. The decreased
sensing signal response illustrates the successful and effective
immobilization onto the nanodot-modified working electrode.
Furthermore, the current decreased to Ipa = 0.81 mA and Ipc
= —1.02 mA, when target DNA was hybridized. The difference
in the peak currents was based on response analysis of the
HPV genosensor. Due to the hybridization and non-
conductive layer formation of the probe and target DNA
over the ITO, there was a notable decrease in the current.

The above results showed uniformity in the CV and EIS
graph confirming a desirable electrode modification.

2.3. Optimization of Target DNA at Different
Concentrations. The proposed electrochemical biosensor
exhibited a dynamic detection range of 0.1 fM to 100 pM and a
sensitivity of 0.266 Q/fM. This can be accredited to the
advance and implicit properties of N-CDs as well as the
electrochemical biosensing-associated advantages. The limit of
detection (LOD) and limit of quantification (LQD) for the
fabricated biosensor were 0.405 and 1.228 fM, respectively.
These were calculated using the 3.36 (LOD) and the 10c
(LQD) method, where o is the standard deviation. It can be
observed from Figure 3a that the current response decreased
upon changing the concentration of TDNA from 0.1 fM to 100
pM on the surface of TDNA/ PDNA/N-CDs/ITO. It is thus
noticed that by increasing the concentration of TDNA, the
hybridization with PDNA was increased. A calibration curve of
the R, values with various concentrations of TDNA was
plotted as represented in Figure 3b. As shown in this Figure, a
linear dynamic range exhibited with a correlation coefficient of
0.96.

2.4. Evaluation Parameters of HPV Genosensor. The
modified sensing platform was evaluated with the help of the
EIS study. The R, value was obtained at PDNA/N-CDs/ITO
after target DNA hybridization was compared with hybrid-
ization of Mis-Match target-1 (MMT-1) and Mis-Match
target-2 (MMT-2) sequences as illustrated in Figure 4. It
shows the reduced response of R, similar to PDNA as seen in
the figure. Hence, no significant change in R, response was
noticed; therefore, the PDNA immobilized selectively to
TDNA and demonstrated high selectivity of the present
genosensor.

The designed sensing platform for long-term stability was
tested after a week. It was observed that when stored at 4 °C, it
keeps the original activity by 80% for 5 weeks.

2.5. Genosensor Performances at Optimum Scan
Rate, pH, Temperature and Time. Figure Sa shows the
voltammogram analysis of the TDNA/PDNA/N-CDs/ITO-
modified electrode. Cyclic voltammogram (CV) analysis was
recorded at different scan rates from 20 to 180 mVs™'. The
figure illustrates the increase in peak current with the increase
in the scan rate. With increasing scan rates, no peak shift was
seen, thus confirming the stability of the sensor. Figure Sb
depicts that the peak current quantitative increases with the
increase in the square root function of the scan rate,
demonstrating moderate electron-transfer kinetics on the CV
time scale and dispersion-controlled conduct by plotting log
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Figure 3. (a) Optimization of target DNA concentration with the
help of Nyquist plots at the TDNA/PDNA/N-CDs/ITO glass
electrode containing 0.1 M K;[Fe(CN)¢] at 50 mV s~ (b)
dependence of log of R, on log concentration (fM).

current (I) versus log potential (V). All ensuring experiments
were conducted at S0 mVs™". The peak current dependency on
scan rate was expressed as follows:

y = 0.0023x + 0.5124, R* = 0.9657

y = —0.0017x — 0.0417, R* = 0.9299

The pH of the solution being highly acidic or basic affects
the solubility and stability of DNA. Various pH values ranging
from 4.5 to 8.5 in 0.1 M solution of electrolyte was exposed to
the TDNA/PDNA/N-CDs/ITO electrode, and their electro-
chemical response was recorded. From Figure 64, it is apparent
that the R, values of pH from 4.5 to 7.0 decrease and then
increases. Therefore, the sensing signal was optimum at pH
7.0. Furthermore, TDNA was incubated at different temper-
atures ranging from 10 to 45 °C, and 35 °C was considered as
the optimum temperature for hybridization as shown in Figure
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Figure 4. Nyquist plots of the TDNA/PDNA/N-CDs/ITO electrode
and hybridization with target complementary DNA along with
response toward the non-complimentary DNAs (MMT-1 and
MMT-2).

6b. The response time was optimized from 0 to 40 s and a 90%
response time was obtained at 40 s as illustrated in Figure 6c.

2.6. Performance of Genosensor in Real Sample. The
performance of the present HPV-18 genosensor was
investigated in the spiked biological samples (as mentioned
in 4.8) within the calibrated concentration range. In Table 1,
the relative standard deviation (RSD) was calculated from
95.38 to 99.65%, showing good accuracy and precision of the
genosensor for HPV 18 detection in the cervical samples.

The proposed sensor showed an improved linearity response
with high sensitivity, specificity, and repeatability compared to
previous works. In addition, the lower limit of detection was
obtained. Thus, the TDNA/PDNA/N-CDs/ITO modified
electrode was considered to be an efficient platform for the
detection of HPV-18. It is due to the large surface area of the
N-CDs that improved the immobilization of PDNA. Even
though a lot of research on electrochemical detection of HPV-
18 causing cervical cancer has been done, none of them has
elaborated the use of a conserved HPV sequence. A detailed
comparison of the electrochemical HPV-18 DNA-based
biosensor is shown in Table 2.>%7*

3. CONCLUSIONS

In this study, an ultra-sensitive HPV label-free genosensor
consisting of a conserved sequence of HPV-18 E6 serotype was
developed with a label-free approach. HPV-18 is considered to
be one of the most hazardous types of HPVs. This proposed
sensor overcomes the limitations of the available conventional
methods. The use of N-CDs further provides a better sensing
platform due to their positive charge and enabling significant
interactions between PDNA and carbon nanodots. This
genosensor showed a detection limit of 0.405 fM, using a
calibration curve that evaluated the concentration range of 0.1
fM to 100 pM. The biosensor exhibited good sensitivity and
differentiated between the complementary and non-comple-
mentary sequences for HPV-18. Also, specific response and
stability of the sensor were investigated and showed significant
results. Furthermore, it can be exploited for the development
of point-of-care lab-on-chip detection platforms by employing
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Figure S. (a) CV obtained at TDNA/PDNA/N-CDs/ITO for scan
rates of 20—180 mV s~! TDNA/PDNA/N-CDs/ITO. (b) Depend-
ency of peak currents on the square root of potential sweep rates in a
wide range of 20—180 mV s™'.

the N-CDs. Thus, the fabricated genosensor can be used as a
successful tool for the easy, rapid, sensitive, and early detection
of HPV-18 causing cervical cancer.

4. METHODS

4.1. Materials and Reagents. The anhydrous citric acid
(C¢HO,), wuric acid (CsH,N,O;), potassium ferricyanide
(K;[Fe(CN)]), and potassium ferrocyanide (K,[Fe(CN)4])
were purchased from SRL, Mumbai, India. All reagents were of
analytical grade. All aqueous solutions were prepared using
double distilled water (resistivity = ~18.2 MQ cm). TE buffer
(10 mM) was prepared by mixing the stock solutions of 10
mM Tris and 0.10 mM EDTA.

4.2. Apparatus. The synthesized nanodots were charac-
terized using a UV—vis spectrophotometer (Shimadzu 2600),
FT-IR (Nicolet iSS, Thermo Scientific), and TEM (FEI-
Tecnai).

All electrochemical studies were performed with CV, EIS,
and electrodeposition of the nanomaterial using Potentiostat
(Biologics; SP-150 with EC-Lab software). The electro-
chemical-sensing platform was a three-electrode system
approach consisting of auxiliary, reference, and working
electrodes. Here, the ITO glass electrode was used as the
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Table 1. HPV-18 Recoveries in the Biological Samples
Using Nano-Based Genosensor

spiked samples (fM) measured samples (fM) recovery (%)

40.9 41.04 99.65
32.3 33.22 97.23
20.25 21.15 95.74
14.63 15.39 95.38

working electrode, silver/silver chloride (Ag/AgCl) as the
reference electrode, and platinum (Pt) as the auxiliary
electrode.

4.3. DNA Sequences. Probe and target DNA were
selected from the gene encoding sequences of human
papillomavirus type 18, the complete genome from the
NCBI server (GenBank: GQ180792.1). The E6 region
sequence was selected having around 470 base pairs (105—
581). Probe sequences were generated using the IDT
PrimerQuest online Tool setting qPCR mode in the
parameters.w’dr8 For confirmation, the probe sequence was
matched with the BLASTN tool and BLAST results confirmed
the alignment with E6 sequences. These generated sequences
were purchased from Integrated DNA Technologies (IDT),
India, in lyophilized form and are as follows:

Probe: 5'-CGA CGA TTT CAC AAC ATA GCT GGG CA-3’
Target: 5'-TGC CCA GCT ATG TTG TGA AAT CGT CG-3'

MMT-1: 5'-CGA CGATTT CAC GAC ATA GCT GGG CA-3’
MMT-2: 5'-CGA CGATTT CAC GCT ATA GCT GGG CA-3’

4.4. Synthesis of Nanomaterial. For N-CD synthesis, the
hydrothermal method was used. In brief, citric acid (2 mM)
and urea (6 mM) were dispersed in double-distilled water. The
mixture was stirred until a transparent homogenous solution
was obtained. Furthermore, this solution was shifted to a
Teflon-lined autoclave chamber and heated for S h at a
temperature of 200 °C for further reactions. Then, the solution

was cooled at room temperature (RT) and centrifuged to
obtain the final product.*””°

4.5, Sensing Platform Fabrication. The ITO electrode
was cleaned with 10 mL of acetone and distilled water kept in
an ultrasonication bath. Later, it was wiped with a tissue. The
size of the working electrode was about 4.8 cm”. N-CDs were
electrodeposited on the working electrode using the CV
technique with a potential range of —0.4 to 0.8 V for 30 cycles
at a scan rate of S0 mV/s.

4.6. DNA Oligonucleotide Immobilization and Hy-
bridization. The PDNA was immobilized onto the nanoma-
terial modified electrode by dropping 1.0 pL (1 uM
concentration) probe DNA suspension. For immobilization,
the electrode was incubated for 12 h at RT. The ITO electrode
was then washed with double distilled water to remove the
unbounded strands. The modified electrode was further used
for electrochemical techniques. Next, hybridization was
performed using various concentrations from 100 pM to 0.1
fM of TDNA onto the PDNA/N-CD-modified electrode using
[Fe(CN)s]>~/#". Furthermore, the electrode was optimized at
different parameters (scan rates, pH, temperature, and time).
In addition, to confirm the selectivity of the biosensor, a
thorough evaluation was performed with two non-comple-
mentary sequences MMT-1 and MMT-2.

4.7. Electrochemical Analysis. All the experiments were
performed at RT using [Fe(CN)s]>™/*" as a redox coupler of
0.1 M concentration. The TDNA modified electrode was
denatured for 10 min at a temperature of 100 °C using water
bath sonication for further optimization.

4.8. Procedure for Sensing HPV-18 in Biological
Samples. To determine the clinical parameters, 10 endocer-
vical samples were collected from Shri Krishna Hospital and
Fertility Centre, Rajasthan. The DNA was extracted from the
small piece of the dried specimens using a sterile new scalpel
blade. It was then transferred to microcentrifuge tubes
consisting of 50 uL distilled water and boiled in a microwave
oven for S min. Polymerase chain reaction (PCR) and gel

Table 2. Comparison of the Analytical Performance of the Proposed DNA Sensor Detection with Other Sensors for the

Detection of HPV18“

sensor mechanism platform types of biosensor technique

gold interdigitated electrode 3-ami-  voltammetric (I-V) electrical char-
nopropyl triethoxysilane (APTES) acterization
carbon-based electrode chips genomagnetic amperometry
LAMP-based elec-
trochemical
T—Hg(1I) onglassy carbon electrode electrochemical SWv
gold nanoparticle IDE electrochemical EIS
CdTe quantum dots optical (QD- fluorescence spectra of
sFRET) QD-FRET sandwich
assay
Au/Ag core—shell nanoparticles on  optical photodiode
glass substrate
gold nanoparticle optical photodiode
gold working electrode electrochemical Ccv
screen-printed carbon electrode and  electrochemical DPV
an anthraquinone-labeled signaling
probe
N-CDs/ITO electrochemical CV, EIS

LOD linear range sensitivity stability  reference
NR NR NR NR 38
0.1 ng 0.1 ngand 250 ~1 ng 21 days 39
ng
several fM 1% 1078 up NR 30 days 40
(12 x 107° nmol/L)  to
1X10°M
1 pM NR NR NR 41
0.2 nM 1.0 to 50.0nM NR 3 months 42
50 nM 0.05 to NR NR 43
0.5 pmol/uL
30 pM 1.2 nM to 30 NR NR 44
pM
170 pM 0.1-1 nM 1.02 yAnM™ 1 month 45
153 pM 0.5—-100 nM NR NR 46
0.405 ftM 0.1 fM to 100 0.266 Q/ftM S weeks present
pM

“NR* = not reported, SWV = square wave voltammetry, RSD = relative standard deviation, EIS = electrochemical impedance spectroscopy, FRET
= fluorescence resonance energy transfer, DPV = differential pulse voltammetry.
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electrophoresis were then performed to obtain the amplified
products.’’ The samples were then spiked with known
concentrations of the HPV-18 probe and injected into the
electrolyte in the electrochemical cell for the measurement.
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