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ABSTRACT: Herein, we demonstrate a one-step, scalable,
solution-processed method for the growth of nickel sulfide (NiS)
nanostructures using single-source precursors (SSPs) on a flexible
substrate as a versatile framework for simultaneous detection of
four DNA nucleobases. The as-grown NiS nanostructures exhibit a
broad bandgap range and spherical morphology with high surface
area and significant porosity, as confirmed by SEM, TEM, and BET [% ‘
surface area analysis. Consequently, the NiS/Ni-foam electrode [ ’ o o5 1o 15
exhibited remarkable electrochemical performance toward the el 1)
oxidation of A, G, T, and C due to its large surface area, high
electrode activity, and efficient electron transfer capacity. Under
the optimum conditions, the electrode demonstrated selective and
simultaneous detection of all four nucleobases over a wide linear range from 200 to 1000 M for A and G, and 50 to 500 yM for T
and C, with a low limit of detection of 159 uM for A, 147.6 uM for G, 16.8 uM for T, and 45.9 uM for C, along with high sensitivity
of 12X 100*AM ™ for A, 6.1 X 100*AM ™ for G, 1.2 X 107> AM™! for T, and 3.0 X 10~* A M™! for C. The as-fabricated electrode
revealed excellent reproducibility and stability toward nucleobase detection and demonstrated a reliable DPV response under
different bending and twisting conditions. For immediate practical application, NiS/Ni-foam was utilized to quantify the
concentration of all nucleobases in calf thymus and Escherichia coli (E. coli) DNA, resulting in a (G + C)/(A + T) ratio of 0.79 and
1.10, respectively. This simple, cost-effective, and flexible NiS/Ni-foam electrode paves the way for the development of non-invasive,
wearable biosensors for potential applications in early disease detection.

Simultaneous detection of
DNA nucleobases

1. INTRODUCTION technique offers several advantages, including high perform-
Flexible wearable biosensors offer innovative solutions and ance, portability, rapid response times, simplicity, and low-cost
have received significant attention for their promising fabrication. Rle3cently, single-walled carbon nanohorns and
applications in personalized health monitoring.”” In pursuit nanocellulose, liﬂ"er nanoparticle-fj-cyclodextrin-graphene
of insights into human physiology at the molecular level, these nanolcsomposites, MWCNT-Fe;O0,@PDA-Ag nanocompo-
sensors allow continuous, real-time, non-invasive detection of sites,” and trithiane silver-nanoparticle-decorated polyaniline
deoxyribonucleic acid (DNA) and other small biomolecules.’ nanofibers'® have been reported for the detection of A and G.
DNA is a one-dimensional polymer composed of four However, the detection of C and T remains challenging due to
nucleobases, namely adenine (A), guanine (G), cytosine (C), their slow electron transfer kinetics.'”'® Additionally, the ease
and thymine (T).* The abnormal changes in DNA nucleobase of adsorption onto electrode surfaces before and after
content can serve as a key indicator for cancer,” AIDS,’ and oxidation gives rise to surface fouling, causing reduced
diseased growth.” According to Chargaff's rule, the ratio of reproducibility.'”*° In order to overcome these shortcomings,
purine to pyrimidine [(G + C)/(A + T)] is specific for there is an urgent need to explore active electrode materials
different organisms. For instance, the ratios for yeast with a flexible structure, wide potential window, and high

(Saccharomyces cerevisiae) and ox (Bos taurus) are 1.0 and
1.1, suggesting that the ox DNA has stronger dsDNA
interactions compared to yeast DNA.® The Chargaffs
coefficient for healthy DNA amounts to &1, while for a
DNA sample of a breast cancer patient,” it is observed to be
0.6. Hence, this ratio plays a pivotal role in early disease
detection. Therefore, detailed analysis and simultaneous
detection of all four nucleobases are essential.

In contrast to conventional analytical methods for DNA
nucleobase detection,'®™'? the well-established electrochemical

electrocatalytic activity, which enable simultaneous detection
of all four nucleobases. When combined with flexible
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biosensors such as wearable devices, electrochemical detection
provides an added advantage toward personalized and
adaptable health monitoring and point-of-care diagnostics.
Recent studies have identified the presence of nucleic acid in
human sweat, with the representation of all chromosomes as
well as mitochondrial DNA, indicating that sweat could be the
source of nucleic acid biomarkers related to chronic and
neurodegenerative diseases.”'~>® Moreover, biosensors have
predominantly found applications in stress hormone,”
glucose,” and monkeypox virus detection.”**’

Commercialization of integrated electrochemical biosensors
for point-of-care analysis relies on improvements in long-term
stability, sensitivity, reproducibility, and primarily, low-cost
materials and easy fabrication routes.”” Next-generation
biosensors based on the emerging class of 2D layered
materials, such as transition metal dichalcogenides
(TMDCs), with tunable band gaps and the ability to
downscale to atomic thin layers, enhance flexibility, electron
mobility, and ionic conductivity.”> Moreover, the exotic
properties, such as an extremely high density of active surface
sites over a large area, make them highly desirable candidates
for a wide range of applications, including solar cells,® dye
degradation,sl’3 oxygen evolution reaction (OER),33 energy
storage,34 and flexible biochemical sensing.35 Among TMDC:s,
NiS (nickel sulfide) is an earth-abundant material and has
gained interest among the group of metal sulfides because of its
various stoichiometries (Ni;S,, Ni;S,, and NisS;) and superior
electron transport properties.’® Each phase of nickel sulfide
offers distinct advantages, and particularly, binary NiS
demonstrates enhanced electrocatalytic properties due to its
high electronic conductivity, rich redox chemistry, and diverse
atomic configurations, making it a promising material for
biosensing applications.””** The large-scale deposition of NiS
on flexible substrates has been challenging because of
limitations in deposition techniques like exfoliation and
chemical vapor deposition (CVD).” The high deposition
temperatures of the CVD technique are not suitable for the
thermal limitations of many flexible substrates. However, a
solution-processable technique offers several advantages,
enabling simple and low-temperature processing, eas
modulation of stoichiometry, and controlled growth.‘m’41
Among the various deposition methods, the solvothermal
route is superior for the synthesis of metal sulfides on flexible
substrates. However, most studies on NiS deposition have
focused on the dual-source precursors (DSPs), while only
a few have explored the single-source precursor (SSP)
route. Compared to DSPs, SSPs offer several advantages, in-
cluding cost-effectiveness, high purity, precise control over
morphology, ease of handling, and the ability to enable binder-
free deposition without the need for harmful stabilizers or
reducing agents.”" Additionally, this route negates the key
thermal budget requirement for most of the flexible substrates,
providing a cost-effective, scalable, industrially compatible
processing suitable for wearable sensors.

In this study, we report a single-step procedure for
fabricating nanostructured NiS on a flexible Ni-foam substrate
at low temperature using Ni[S,P(OC;H;),] as a precursor via
a solution-processable route for the simultaneous detection of
four DNA nucleobases. The developed electrode enables the
electrochemical detection of all four nucleobases with a wide
linear range, a low limit of detection, high sensitivity, excellent
stability, reproducibility, and flexibility. Additionally, it was
further utilized to detect nucleobases in ds-calf thymus and E.
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coli DNA, and the (G + C)/(A + T) ratio was determined by
the standard addition method. This study paves the way for the
fabrication of simple, scalable, and high-performance biosens-
ing devices as a viable platform for flexible and efficient sensing
technologies.

2. EXPERIMENTAL SECTION

2.1. Materials. Double-stranded DNA (ds-DNA) from calf
thymus, nucleobases (adenine, guanine, cytosine, and
thymine), nickel(II) chloride hexahydrate (NiCl,-6H,0), and
nickel foam (Ni-foam) were procured from Sigma-Aldrich.
Ethylene glycol (C,H,0,), potassium chloride (KCl), sodium
hydroxide (NaOH), potassium ferricyanide [Fe(CN)¢]*~, and
hydrochloric acid (HCI) were purchased from S D Fine-Chem
Limited. Phosphate-buffered saline (PBS, pH 7.4) was
procured from HI Media and used as a supporting electrolyte.
The standard stock solutions (200 M) of A, T, and C were
prepared in deionized water (DI), while a stock solution of 1
mM guanine was prepared in 0.1 M NaOH. Other reagents,
such as glucose, uric acid, ascorbic acid, lauric acid, KCl, KI,
and FeCl,, were procured from SD Fine Chem Limited. All
used chemicals were of analytical reagent grade, and aqueous
solutions were freshly prepared using Milli-Q water. E. coli
genomic DNA was isolated from DHSa cells grown in
overnight culture, followed by a standard SDS-proteinase K-
based lysis and 70% ethanol-assisted desalting procedure.**

2.2. Characterization. The as-synthesized NiS/Ni-foam
was characterized by X-ray diffraction (XRD) analysis utilizing
the Rigaku Smart Lab instrument (4 = 1.54 A) with Cu Ka
radiation. The Raman spectra were studied using a
Raman spectrometer (Bruker Multi-RAM) with an excitation
wavelength of 514 nm. The detailed analysis of the surface
morphology and elemental composition of the thin film was
conducted using field emission scanning electron microscopy
(FE-SEM), energy dispersive X-ray spectroscopy (EDX)
(JEOL-JSM 6360A), and transmission electron microscopy
(TEM) JEM-2010 (JEOL, Japan) at an accelerating voltage of
200 kV. The surface area and N, adsorption—desorption
isotherm measurements were recorded on Micromeritics ASAP
2020. X-ray photoelectron spectroscopy (XPS) was performed
on an Axis Supra Spectro (Kratos Analytical) spectrometer
equipped with a monochromatized Al Ka source (1486.69
V). The surface zeta potentials were obtained with a Zetasizer
Nano S90 (Malvern Panalytical Ltd.). Electrochemical analysis,
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV), were carried out using Klyte 2.0 electrochemical
workstation. The Nova 2.1.6 Autolab Metrohm instrument was
employed to conduct electrochemical impedance spectroscopic
(EIS) studies.

2.3. In-Situ Growth of Nanostructured NiS on Flexible
Ni-foam Using SSPs. The NiS nanostructures were grown on
the porous Ni-foam using a novel SSP-based solution-
processable route as reported in our previous work.”® Ni-
foam was cleaned by ultrasonication in three different solutions
of acetone, ethanol, and 3 M HC], respectively, for 15 min and
was finally rinsed with DI water and dried in an oven at 60 °C
for 3—4 h.*° Further, 0.9 mM of Ni[S,P(OC;H,),], was
suspended in 15 mL of ethylene glycol, and the mixture was
stirred thoroughly for an hour to form a homogeneous
mixture at room temperature. Subsequently, the solution was
transferred into a Teflon-lined autoclave, and Ni-foam was
placed vertically (perpendicular to the bottom) in the solution.
The autoclave was kept in the mufile furnace at 135 °C for 10
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h (Figure 1). The autoclave was allowed to cool at room
temperature, and the as-deposited film was dried in an oven at
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Figure 1. Schematic of the fabrication process for porous, flexible
NiS/Ni-foam.

80 °C for 3—4 h. The as-grown NiS/Ni-foam was then
employed as a flexible sensing electrode for the simultaneous
and separation-free detection of four nucleobases (A, G, T, and
C).

2.4. Fabrication and Electrochemical Measurements
of the NiS/Ni-foam Sensor. The electrochemical measure-
ments were performed using a three-electrode system
containing Ag/AgCl (3 M KCI) as a reference electrode,
platinum wire as a counter electrode, and fabricated NiS/Ni-
foam (1.5 cm X 1 cm) as the working electrode. A solution of
0.1 M [Fe(CN)s]*"/ [Fe(CN)4]* and 0.1 M KCl was used as
the redox species for the CV and EIS measurements. The
optimal parameters for CV are as follows: scan rate = 50 mV/s,
potential window = —0.10 V to +0.50 V, and current limit = 1
mA. DPV was performed in 0.1 M PBS and 0.005 M

[Fe(CN),]*~ with a potential window of —0.10 V to +1.80 V, a
pulse width of 0.25 V for 0.50 s, and an amplitude of 0.05 V.
For the EIS studies, the open-circuit potential was used as a
starting potential, and the frequency range was maintained
from 100 kHz to 1 Hz, with an amplitude of 0.005 V.

2.5. DNA Nucleobase Analyses. The composition of A,
G, T, and C in the calf thymus ds-DNA was examined
following denaturation into ss-DNA through acid treatment.*’
Briefly, 10 mg of ds-DNA was subjected to thermal treatment
in a water bath at 80 °C for 50 min in the presence of 1 M HCI
(5 mL). Subsequently, 1 M NaOH was introduced into the
solution to neutralize it and made up to 20 mL using a buffer
solution of PBS pH 7.4. E. coli genomic DNA, suspended in
PBS buffer, was denatured by snap-cooling treatment (95 °C
for S min, followed by incubation on ice for S min). The
resulting DNA nucleobases were analyzed using DPV.

3. RESULTS AND DISCUSSION

3.1. Morphological and Structural Analysis of Nano-
structured NiS/Ni-foam. 3.7.7. XRD. The X-ray diffraction
technique was used to analyze the crystallinity and phase of the
nanostructured NiS thin film. The strong and sharp diffraction
peaks indicate the crystalline nature of the as-synthesized NiS/
Ni-foam (Figure 2a). The peaks at 20 values of 21.76°, 31.11°,
37.70°, 44.44°, 49.82°, 51.87°, 55.21°, 73.13°, and 76.39°
correspond to the (101), (110), (003), (202), (113), (211),
(104), (214), and (401) planes of NiS, respectively,*”** and
match well with the JCPDS card no. 012-0041. The lattice
parameters, a and b = 5.753 A, and ¢ = 7.144 A, are indexed to
the trigonal crystal structure of nickel sulfide. The three
diffraction peaks (*) are attributed to the Ni (111), (200), and
(220) planes of Ni-foam (JCPDS card no. 40-0850)*’ and NiS.
No additional peaks were observed, indicating a pure NiS
phase. The crystallite size (17.31 nm) was calculated using the
Debye—Scherrer equation.>’
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Figure 2. (a) XRD, (b) Raman spectra, (c) absorbance spectra with bandgap studies, (d) survey XPS spectrum, (e) XPS for Ni 2p, and (f) S 2p

regions of NiS/Ni-foam.
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Figure 3. SEM images of NiS/Ni-foam with different magnifications: (a) 1 #gm and (b) 200 nm. (c) EDX spectrum and (d) elemental mapping of

NiS/Ni-foam.

K1
D =
Pcos 0

(1)

3.1.2. Raman Scattering. The crystalline structure of the as-
fabricated NiS/Ni-foam was analyzed through the Raman
spectra. Figure 2b shows the deconvoluted spectra of NiS fitted
using the Lorentzian function. The bands at 190 and 340 cm™!
correspond to the E stretching mode of vibration, while the
bands at 242, 291, and 362 cm™! resembles the A, vibrational
mode of nickel sulfide.*”>" The intensity of Raman vibrational
modes strongly depends on the crystal lattice vibrations. When
the crystal size is reduced to the nanoscale, the arrangement of
atoms within the crystal lattice may change compared to bulk
NiS, which affects the vibrational modes of the Raman peaks.>”

3.1.3. Absorbance. UV—vis spectroscopy was used to
investigate the optical properties of NiS/Ni-foam, and the
band gap was determined through the Tauc equation: (ahv)”
= B(hv — E,), where v represents the frequency of photons, h
is the Planck constant, E, is the energy of the optical band gap,
n is the electron transition (1/2 or 2 for direct and indirect
band gaps), and « is the absorption coefficient.”” The NiS layer
displays maximum light absorption in the UV range (200—270
nm) in comparison to bulk nickel sulfide, indicating a blue shift
relative to the bulk material (Figure 2c). This shows that the
as-prepared NiS nanostructures have a very small size, and an
increase in the band gap with a decrease in the particle size is
due to the quantum confinement effect in the nanoparticles.”*
The calculated energy band gap for NiS/Ni-foam is 2.9 eV.

3.1.4. XPS. X-ray photoelectron spectroscopy (XPS) was
conducted in order to analyze the chemical oxidation states
and elemental compositions of the NiS nanospheres on Ni-
foam (Figure 2d—f). The survey spectrum (Figure 2d)
indicates the coexistence of Ni, S, C, and O on the NiS/Ni-
foam. The presence of oxygen (1s) and carbon (1s) is derived
from carbon tape and atmospheric oxygen.”> The core level
XPS Ni 2p spectrum (Figure 2e) exhibited a couple of major
peaks at 853.3 and 873.0 eV associated with Ni 2p;,, and Ni
2py/», which are ascribed to the Ni** oxidation state of NiS
nanostructures.”® While, the other two peaks located at 859.4
and 876.6 eV are ascribed to the shakeup satellite peaks for
NiS.”” In the S 2p spectrum (Figure 2f), the major two peaks
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were observed at 160.2 and 165.4 eV, corresponding to 2p;),
and 2p, ), binding energies of S~ of the NiS phase.”®

3.1.5. Morphological Studies. The surface morphology of
the as-grown NiS on Ni-foam was studied using FE-SEM.
Figure 3a,b shows the SEM images at two different
magnifications (1 ym and 200 nm), signifying the complete
coverage of NiS nanostructures over the surface of Ni-foam.
The porous nanospheres were observed with a size range of
150—200 nm (Figure 3b). The EDX analysis of the film was
carried out to determine the elemental composition and purity
of nanostructured NiS from the solution-processable route.
The obtained spectra highlight the presence of nickel (Ni) and
sulfur (S) elements with an atomic ratio of 1:1 (Figure 3c),
confirming the formation of pure nickel sulfide. Figure 3d
shows the uniform distribution of Ni and S over the Ni-foam.

The TEM analysis clearly depicts the spherical nature of the
NiS nanostructures (Figure 4a). The surface of these

Figure 4. TEM images of NiS/Ni-foam with different magnifications:
(a) 200 and (b) 10 nm. (c) HR-TEM image and (d) SAED pattern of
NiS/Ni-foam.
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nanospheres exhibits porous structures observed at high
magnification, as shown in Figure 4b. The selected area
electron diffraction (SAED) pattern of the NiS nanospheres is
shown in Figure 4c. The spacing between the two adjacent
lattice planes is about 0.27 nm, which is consistent with the
(110) Ilattice plane of NiS. The crystalline characteristics of
NiS are depicted in Figure 4d, where the intense circular
patterns are associated with the (202), (110), (101), and
(003) planes.*”**

To further determine the porosity of NiS/Ni-foam, the N,
adsorption technique was carried out using Micromeritics
ASAP 2020. The sample was measured under nitrogen
adsorption at 77 K and degassed under flowing argon at 473
K for 1 h before measurements. Figure 5a shows a type-IV
isotherm with an H2 hysteresis loop corresponding to the
mesoporous structures with an enhanced surface area of NiS
nanospheres (~33.82 m?/g), compared to the bare Ni-foam
(~0.48 m*/g). The pore size distribution is determined using
the Barrett—Joyner—Halenda (BJH) method (Figure Sb), and
it shows an average pore size of ~3.34 nm diameter, with a
pore volume of 0.0071 cm?®/g. The high surface area and
consistent pore structure of NiS/Ni-foam serve as an
electrolyte reservoir, thereby enhancing the diffusion of

electrolyte ions at the electrode—electrolyte interface and
improvg’ggothe electrochemical detection performance of the
sensor.””’

3.2. Electrochemical Characterization of the NiS/Ni-
foam Electrode. Electrochemical characterization was
performed to understand the electron transfer capacity of the
as-fabricated electrode compared to that of bare Ni-foam. The
cyclic voltammetry responses of the NiS/Ni-foam and bare Ni-
foam were studied using 0.1 M [Fe (CN)¢]*"/[Fe (CN)¢]*"
and 0.1 M KCl electrolyte. As shown in Figure 6a, the NiS/Ni-
foam exhibited a redox peak at an equilibrium potential (E, ;)
of 0.22 V with a peak-to-peak separation (AE,) of 220 mV,
while for bare Ni-foam, E, , is 0.23 V and AE,, is 240 mV. The
decreased value of AEP for the NiS/Ni-foam, signifies
improved electron transfer on the surface of the electrode
after deposition of nanospherical NiS. Additionally, the
maximum redox peak current ratio (I,,/I,c & 1), describes
reversible electrochemical activity with single electron trans-
fer.%! This ratio is further used to estimate the electrochemi-
cally active surface area of the as-fabricated electrode by using
the Randles—Sevcik equation:**

I, = (2.69 x 10°)AD"*#* /%' 2C @)
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Figure 7. (a) Simultaneous DPV responses of A, G, T and C, and (b) effect of pH on the simultaneous detection of four DNA nucleobases (pH

range: 4, 7.4, and 11) using NiS/Ni-foam.

Where, I, is the ferricyanide redox peak current, A is the
electroactive surface area, D is the diffusion coefficient of
7.6 X 107 cm?s7!, n is the number of electrons involved in the
redox reaction, v is the scan rate (mV s7!), and C is the
concentration of the electrolyte (mol cm™).®> The calculated
surface areas for NiS/Ni-foam and bare Ni-foam are 0.0739
cm? and 0.0515 cm?, respectively. The increased surface area of
the as-fabricated electrode can be attributed to the high surface
area and porous structure of nanospherical NiS, which is in
agreement with the BET analysis. Further, to test the
reproducibility and reliability of the NiS/Ni-foam, the CV
curves were recorded for 120 continuous cycles (Figure 6b).
The electrode exhibited high electrochemical stability with
consistent and uniform performance. The scan rate-dependent
CV cycles were studied by varying the scan rate from 10 to 100
mV s~ (Figure 6¢). A significant increase in the redox peak
current was observed at higher scan rates. The linear
relationship between the anodic and cathodic peak currents
with respect to the square root of the scan rate (regression
coefficients (R?) = 0.997 and 0.987) emphasizes that the
diffusion of electrons toward the electrode surface is a rate-
determining step, signifying relatively fast electron transfer.

3.2.1. Electrochemical Impedance Spectroscopic Studies.
The electron-transfer kinetics of the NiS/Ni-foam and bare Ni-
foam were studied by using 0.1 M [Fe (CN)¢]*7/
[Fe (CN)¢]* and 0.1 M KClI electrolyte. The Nyquist plot
was used to fit the equivalent circuit, where R is charge
transfer resistance, Z, is Warburg impedance, and Cy is
double-layer capacitance.”* The width of the semicircle
corresponds to the charge transfer resistance values, which
shows the electron-transfer kinetics between the working
electrode and electrolyte (Figure 6d). The R value for the
bare Ni-foam is 68.4 €, indicating a higher resistance
attributed to its poor conductivity and lower charge transfer
rate. In contrast, the R value for the NiS/Ni-foam is 13.4 Q,
suggesting a more significant quantity of charges transferred on
the electrode, which further indicates enhanced conductivity
and a higher reaction rate at the electrode.®>® This increase in
conductivity and the charge transfer rate can be attributed to
the abundance of active sites on the NiS/Ni-foam, highlighting
its exceptional catalytic activity.67

3.3. Analysis of Four DNA Nucleobases at NiS/Ni-
foam. The electrochemical detection of four DNA nucleo-
bases (A, G, T, and C) using NiS/Ni-foam was explored by the
differential pulse voltammetry (DPV) technique. Among
various electrochemical approaches, DPV is a simple and
sensitive technique, demonstrating simultaneous detection of
model analytes within a single run. Figure 7a shows the DPV
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response of purine (200 yM A and G) and pyrimidine (50 uM
T and C) in 0.1 M PBS and 0.005 M [Fe(CN)¢]*>~ at pH 7.4.
The bare Ni-foam did not show any DPV signals (black curve),
while the as-fabricated NiS/Ni-foam depicts a clear DPV
response (red curve) with four distinct oxidation peaks at 0.21,
0.90, 1.24, and 1.55 V corresponding to A, G, T, and C,
respectively. This can be attributed to the improved electro-
chemical oxidation at the NiS/Ni-foam surface (Scheme 1),
serving as an efficient electrochemical catalyst for the
simultaneous and separation-free detection of nucleobases.

Scheme 1. Illustrates the Sensing Mechanism of NiS
Towards DNA Nucleobases

NiS/Ni-foam

Electro-oxidation

" AnsGoys Cors T,

ox 9 Jox s “oxs ox

3.4. Effect of pH on the Electrochemical Oxidation of
Nucleobases. Furthermore, to examine the proton-coupled
electron transfer reactions of nucleobases (A, G, T, and C) on
the as-fabricated electrode, the effect of pH toward the electro-
oxidized peak currents was studied. Figure 7b shows the DPV
response of the four nucleobases at different pH (4, 7.4, and
11). It was observed that at pH 4, only three nucleobases (A,
G, and T) were detected, whereas four peaks corresponding to
A, G, T, and C were observed at higher pH, emphasizing the
ease of oxidation under alkaline conditions (pH 7.4 and 11).%
In accordance with these results, pH 7.4 was chosen for further
analysis as it is ideal for all biological samples.

For detailed studies, the oxidation peak potentials (E,,,) of all
four nucleobases were studied in the pH range from 2.0 to 8.0
at a scan rate of 50 mV s™!, which demonstrates a negative shift
with an increase in solution pH (Figure S1). This suggests that
the oxidation of A, G, T, and C is associated with the proton-
transfer process.”” Figure S2a—d shows the linear relationship
between the oxidation peak potentials and pH. The pH
dependence of A, G, T, and C was described as E,, (V) =
0.653—0.044pH (R = 0.9728), E,,, (V) = 0.823—0.046pH (R =
0.99830), E,, (V) = 1.47—0.050pH (R = 0.99534), and E,,, (V)
= 1.74—0.045pH (R = 0.9634), respectively. The slope values
of 44 mV pH™, 46 mV pH™!, 50 mV pH™', and 45 mV pH™,
corresponding to A, G, T, and C, respectively, are close to the
expected Nernstian theoretical value of $9.1 mV pH™ at 27
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°C, suggesting an equivalent number of proton and electron
transfer. The electrochemical oxidation for A undergoes a
three-step process with a total loss of six electrons (Scheme
2a), with two electrons and protons participating in the rate-

Scheme 2. Reaction Mechanism of (a) A, (b) G, (c) T, and
(d) C with NiS/Ni-foam
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determining step.”” The electrochemical oxidation of G
shadowed the two-step mechanism involving a total reduction
of four electrons as well as the exchange of two electrons and
protons in the rate-determining process, as shown in Scheme
2b.”" Similarly, the electro-oxidation of C involves two
electrons and two protons in the rate-determining step
(Scheme 2d).%” For T, the oxidation mechanism differs from
other nucleobases like A, G, and C due to its distinct molecular
structure. It is simpler and requires the exchange of only one
electron and one proton for the electro-oxidation of T
(Scheme 2¢).”>

3.5. Selective and Simultaneous Detection of Four
Nucleobases. The optimized DPV conditions were employed
to study the selective and simultaneous detection of
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nucleobases on NiS/Ni-foam. Throughout the experiment,
the concentration of one nucleobase is steadily increased, while
the concentrations of the other three are kept constant. Figure
8a,b shows a linear increase in peak current with a progressive
increase in concentrations from 200 to 1000 M for A and G,
where the concentrations of T and C are kept constant at 50
#M. Similarly, the current increases linearly with the increase
in concentration of T and C (from 50 to 500 uM), while the
concentration of A and G is 200 uM (Figure 8c,d). Table 1
summarizes the linear concentration range, sensitivity, and
lower limits of detection of all four nucleobases on NiS/Ni-
foam. The LOD was determined using 3sb/m, where 3
represents the signal-to-noise ratio, sb is the standard deviation
derived from eight repeated signal measurements, and m
denotes the sensitivity of the electrode. The LOD values
calculated for nucleobases (A, G, T, and C) were 159 uM,
147.6 uM, 16.8 uM, and 45.9 uM, while the corresponding
sensitivity values were found to be 1.2 X 107* A M}, 6.1 X
107*AM ™, 12X 10°AM ™, and 3.0 X 107*AM ™ for A, G,
T, and C. Interestingly, it is observed that the oxidation
reaction of G is faster and thus the sensitivity of the electrode
to detect G is higher than that of the other three nucleobases.
These results affirm the suitability of NiS/Ni-foam for the
sensitive and simultaneous detection of nucleobases.

In order to study the surface charges of NiS nanostructures
and the interaction of nucleobases, the surface zeta potentials
of NiS were measured. A liquid sample of NiS nanostructures
(10 mL) was prepared by dispersing nanostructures in
deionized water. As shown in Figure S3a, the average zeta
potential of NiS was —15.86 mV, which confirms the presence
of a negative charge on the surface.”* The origin of the
negative charge on the surface can be attributed to the
presence of §*~. For aqueous particle suspensions, the zeta
potential confirms the colloidal stability, where a higher zeta
potential indicates a more stable suspension. Figure S3b
demonstrates the alteration in zeta potential values upon the
introduction of nucleobases at a temperature of 25 °C. The
DNA nucleobases are negatively charged biomolecules due to
the presence of the hydrophilic sugar-phosphate backbone,
situated externally in nucleic acids, contributing to the inherent
negative surface potential. The results showed that NiS + G
has a lower zeta potential compared to NiS, leading to the
formation of a more stable chelate bond.”* Whereas, NiS with
A, C, and T showed a positive shift toward higher zeta values.
A positive shift in the zeta potential suggests that nucleobases
are adsorbing onto the surface of the NiS nanostructure.”

3.6. Interference Study. The specificity of the NiS/Ni-
foam sensor in the analysis of A, G, T, and C was studied by
evaluating the percentage of DNA bases in the presence of
interfering species, including biomolecules and diverse ions.
Possible interferences for detecting DNA bases were studied by
introducing various foreign species into 0.1 M PBS (pH 7.0)
with 200 uM A and G, and 50 M C and T. Figure 9 shows
that common inorganic ions with a S0-fold excess, K*, Ca*',
and Fe**, showed minimal interference (signal change of <8%)
in the analysis. Furthermore, potential interferences present in
biological samples were also investigated, showing no
significant impact (signal change of <7%) for a S0-fold
concentration of glucose, uric acid, lauric acid, and ascorbic
acid. A relative standard deviation from 0.7 to 2.1% was
calculated for n 3 on the NiS/Ni-foam electrode,
demonstrating acceptable accuracy toward interfering species.
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Figure 8. DPV plot at different concentrations of (a) A, (b) G, (c) C, and (d) T in 0.005 M [Fe(CN)¢]*~ and 0.1 M PBS (pH 7.4). Inset: the
linear relationship between current response and concentrations of nucleobases.

Table 1. Analytical Parameters for Nucleobase Detection
using the NiS/Ni-foam Electrode

Analyte Linear range R? Sensitivity LOD
A 200 uM—1000 kM 097 12X 10*AM™' 159 uM
G 097 61X10*AM'  147.6 uyM
T 50 uM—500 uM 097 12x10°AM?' 168 uM
C 098 30X 10*AM™' 459 uM
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Figure 9. Current responses toward 200 uM A and G, and 50 uM C
and T in 0.1 M PBS pH 7.0 in the presence of 10 mM interference by
using NiS/Ni-foam. Error bars indicate standard deviation (n = 3).

Thus, the flexible biosensor is suitable for evaluating A, G, T,
and C levels in real-life samples.

3.7. Stability and Reproducibility of the As-Fabri-
cated NiS/Ni-foam Electrode. The stability of the fabricated
flexible electrode was investigated, wherein the electrode was
stored at room temperature for a period of 30 days. The DPV
response of the electrode exhibited a slight decrease in peak
current, retaining the response up to 80%, 112%, 76.08%, and
95.8% for A, G, T, and C, respectively (Figure S4b). Further,
the electrode demonstrates a reproducible response for 10
consecutive cycles (Figure S4a), and the relative standard
deviation (RSD) values are 6.06%, 3.56%, 1.68%, and 1.99%
corresponding to A, G, T, and C, respectively. In order to
understand the performance and stability of the proposed
electrode, a comparative study of XRD, XPS, and Raman
measurements was conducted prior to and post nucleobase
detection (Figure SSa—c). The XRD and Raman spectra of the
as-fabricated NiS/Ni-foam revealed no phase change of NiS
nanostructures even after 10 repeated DPV cycles. However,
XPS analysis showed the presence of Ni, S, C, O, and N
elements on the NiS/Ni-foam post-electrooxidation of
nucleobases (Figure S5¢). A new nitrogen signal (N 1s)
observed at 398.6 eV is attributed to the amino nitrogen of the
N=C bond, confirming the adsorption of nitrogen-containing
amide or amine groups on the surface of NiS/Ni-foam.”*”’
Additionally, the C 1s peaks, within the 283 eV—292 eV range,
correspond to the C—O—C, C—OH, and N-C—-O/N—C=0
bonds of the nucleobases.”””® These results favor the
anchoring of nucleobases on the surface of NiS/Ni-foam.
The Ni 2p;/, and Ni 2p;;, peaks remain unchanged after
nucleobase adsorption, while the slight increase in the binding
energy of the S 2p (2ps/, and 2p, ;) peaks suggests changes in
the localized surface chemical states due to nucleobase
interaction (Table S1).”” The reduction in intensity ratios
indicates a lower surface concentration of nickel and sulfur
after nucleobase adsorption, resulting from the high coverage
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Figure 10. Simultaneous detection of A, G, T, and C in (a) calf thymus and (b) E. coli DNA samples.

Table 2. Detection of A, G, T, and C Contents in Real Samples Using NiS/Ni-foam by the DPV Method

Detected concentration

Detected concentration

Sample Nucleobases (uM) Added nucleobases (A, G, T, C) (uM) (uM) Recovery (%) = SD
Calf thymus DNA A 339 400 385 96 + 0.20
G 365 450 454 100 + 0.75
T 495 500 494 99 + 0.27
C 299 550 S10 92 + 0.36
E. coli DNA A 221 250 240 96 + 1.60
G 290 300 290 99 + 1.44
T 238 300 278 92 + 0.35
C 218 300 300 100 + 0.15
a C 1.0 —— a (Initial state)

———b C

IS

0.0 05 1.0 15
Potential (V)

Figure 11. Photographs representing the excellent flexibility of NiS/Ni-foam (a, initial state; b, S-shaped; c, E-shaped; d, twisted; e, semicircular; f,
circular; g, C-shaped; h, coil-shaped); and i, DPV response of different shapes of the electrode.

of nucleobases on the surface, which masks the elemental
signals and reduces peak intensity.*’

3.8. Application of the Fabricated Electrode for Real
Sample Analysis. The applicability of the flexible NiS/Ni-
foam for biological samples was evaluated by assaying ds-DNA
from calf thymus (short chain, 260 nm) and E. coli (long chain,
1-2 mm) under the optimized conditions. Prior to the
measurements, both DNA samples were denatured by using
thermal treatment (Section 2.5). The DNA sample was added
to 20 mL of 0.1 M PBS solution. Based on the established
calibration plots, the contents of A, G, T, and C were obtained
directly from the peak currents of the curves. The DPV
response of the calf thymus (Figure 10a) and E. coli DNA
(Figure 10b) exhibits four distinct peaks of A, G, T, and C.
According to Chargaff’s rule, the (G + C)/(A + T) ratio is
specific for different organisms. A higher value indicates a
stronger interaction between ds-DNA because of three
hydrogen bonds in CG pairing, while there are two hydrogen
bonds in AT pairing.”® The (G + C)/(A + T) ratio has been
estimated to be 0.79 for calf thymus and 1.10 for E. coli DNA,
closely aligning with their respective standard values.*"** The
concentrations of A, G, T, and C were determined by the
standard addition technique. The known concentrations of
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nucleobases (A-400, G-450, T-500, and C-550 uM) in calf
thymus DNA and (A-250, and G, T, and C-300 M) in E. coli
DNA were spiked, and detected concentrations were
determined by using peak current.*® The spiked recovery
results of calf thymus DNA are 96, 100, 99, and 92%, and for E.
coli DNA are 96, 99, 92, and 100% (for A, G, T, and C), with
standard deviation (SD) as shown in Table 2. The extensive
results demonstrate the viability of NiS/Ni-foam for the fast
and simultaneous detection of DNA in real biological samples.

3.9. Flexibility Studies of the as-Fabricated Electrode.
Further, to study the mechanical feasibility of the flexible NiS/
Ni-foam, the DPV performance was studied by bending and
twisting the electrode into different shapes as illustrated in
Figure 11 (a-initial state; b-S-shaped; c-3 E-shaped; d-twisted;
e-semicircular; f-circular; g-C-shaped; h-coil-shaped). The
electrode exhibited a consistent DPV response toward the
detection of all four nucleobases under applied strain (Figure
11i), confirming its outstanding mechanical stability. Remark-
ably, throughout the repeated bending tests, there were no
discernible signs of electrode fragmentation, suggesting a
pronounced affinity between NiS and Ni-foam. This ensures
the structural integrity of the film, making it suitable for various
flexible and wearable devices.
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Table 3. Comparison of the Analytical Performance of the Flexible Electrochemical NiS/Ni-foam Sensor with Other Sensors

Used for the Analysis of DNA Nucleobases

Material Synthesis route  Electrode fabrication
MWCNTSs-COOH DSp drop cast
Cu-MOF/GO composites DSP drop cast
graphitic carbon nitride nanoflakes DSP drop cast
Cu@Ni/MWCNTs DSP drop cast
DomP/s-SWNTs DSP drop cast
Co;0,@ TADM COF/MWCNT DSP drop cast
GQDs-AgNC DSp drop cast
AuPtNCs-rGO DSP drop cast
WS, nanosheet DSP hydrothermal method
temp-265 °C

MoS, DSP hydrothermal method
temp-200 °C

2-D Marcasite FeS, DSP drop cast

NiS SSp hydrothermal method

temp-13$5 °C

Flexible NB’s Linear range LOD Ref

no G 0.04—130 uM 0.005S M 83
A 0.06-130 uM 0.0072 uM

no G (0.02—10)—(20—100) uM 0.012 uM 62
A (0.005—20)—(40—200) uM 0.002 uM

no G  03X107-66Xx10°M 4.7 naM 61
A 03 x 107-73 X 10°° M 3.5 oM
T 53X 107°-633 X 107*M 55 nM

no G 1.0-180 uM 0.17 uM 67
A 20-150 uM 0.33 uM

no G 0.5—100 M 3.394 uM 84
A 0.5—140 uM 3.594 uM

no G 0.6—180 uM 0.020 uM 85
A 0.6—180 uM 0.024 uM

no G 0.1-6.0 uM 0.1 uM 86
A 0.1-5.0 uM 0.1 uM

no G 1.0 uM to 0.2 mM 60 nM 87
A 1.0 uM to 0.2 mM 100 nM

yes G 0.5 uM—20 uM 20 uM 88
A 0.5 uM—20 uM 20 uM

no G 15—120 uM 0.76 uM 89
A 15-120 uM 2.38 uM

no G 500—2000 uM 254 uM 90
A 500—2000 uM 313 uM
T 500—2000 uM 294 uM
C 500—2000 uM 387 uM

yes G 200 ¢M—1000 M 147.6 yM this work
A 200 4uM—1000 uM 159 uM
T 50 uM—500 uM 16.8 uM
C 50 uM—500 uM 45.9 uM

A comparison of metal oxide- and sulfide-based electro-
chemical sensors is summarized in Table 3. This work
represents a simple, cost-effective, and solution-processable
route for the fabrication of flexible NiS/Ni-foam via SSPs. The
fabricated electrode demonstrates excellent performance with a
wide linear range and lower LOD for simultaneous and
separation-free detection of four DNA nucleobases in a single
run. However, the reported sulfide-based electrodes, such as
MoS,, FeS,, and WS,, are on rigid substrates and are able to
detect either two or three nucleobases. This limits their
potential for precise measurement of DNA nucleobase ratios
(G + C)/(A + T), which is crucial for conducting detailed
studies on DNA damage. Thus, the NiS/Ni-foam can be a
potential candidate for future noninvasive DNA sensing
applications and early disease diagnosis.

4. CONCLUSIONS

In conclusion, we report the in situ growth of NiS nanospheres
on flexible Ni-foam via a novel SSP-based simple and scalable
solution-processable route. The as-fabricated NiS/Ni-foam
used as the working electrode was characterized by XRD,
Raman, UV—vis spectroscopy, XPS, FE-SEM, HR-TEM, and
BET, which confirmed the high surface porous nanospheres of
NiS. The electrode provided a stable sensing platform with
excellent electrode conductivity and high electron transfer
kinetics suitable for selective and simultaneous detection of all
four nucleobases (A, G, T, and C) over a wide linear range:
(200 uM—1000 M) for A and G, (50 uM—500 uM) for T
and C. Under optimized pH conditions, the NiS/Ni-foam
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exhibits excellent selectivity toward individual nucleobase
detection and demonstrates outstanding stability, linearity,
and reproducibility over a longer time. The LOD values
calculated for nucleobases (A, G, T, and C) were 159 uM,
147.6 uM, 16.8 uM, and 45.9 uM, while the corresponding
sensitivity values were found to be 1.2 X 107* A M, 6.1 X
I0*AM L, 12x10°AM L and3.0 X 10*AM ! for A, G,
T, and C. Additionally, the electrode successfully demonstrated
its feasibility toward real samples through the detection of four
nucleobases in the denatured ds-DNA of calf-thymus and E.
coli. Moreover, the electrode was selective toward the detection
of A, G, T, and C even in the presence of interfering foreign
factors. This single-step, cost-effective approach represents a
significant advancement in the fabrication of efficient, flexible,
and portable electrochemical biosensors with potential
applications in the field of clinical diagnostics and health
monitoring.
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