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Bioinspired triangular ZnO nanoclusters
synthesized by Argyreia nervosa nascent leaf
extract for the efficient electrochemical
determination of vitamin C7
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This work deals with the synthesis of bioinspired triangular ZnO nanoclusters (bT-ZnO NCs) from Argyreia
nervosa nascent leaf extract for their effective antibacterial activity and further utilization as a platform for
the electrocatalytic determination of ascorbic acid (AA; vitamin C) for applications in the agricultural
domain. The structural, optical, and morphological characteristics of the synthesized bT-ZnO NCs were
analyzed by UV-vis, FT-IR, XRD, AFM, SEM, TEM, HR-TEM, and EDX techniques. After this, bT-ZnO NCs
were electrophoretically deposited onto an indium-tin-oxide (ITO) glass substrate and assessed for the
electro-oxidation of AA by cyclic voltammetry (CV), and from this it was proven that bT-ZnO NCs had

a very high electrochemical sensitivity of 29.88 pA cm™2 toward AA and a low limit of detection of
Received 17th June 2021 0.5321 mM under the optimized experimental conditions. Thus, it provid tential sensing platf
Accepted 11th July 2021 . mM under the optimized experimental conditions. Thus, it provides a potential sensing platform

for electrochemical studies to detect AA. Moreover, bT-ZnO NCs were preliminarily investigated for their

DOI: 10.1039/d1ra04704c antibacterial activity, and the obtained results showed that the bT-ZnO NCs have potency as an
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1. Introduction

Over the past decade, there have been interdisciplinary fields
including nanoscience and nanotechnology, interspersing
material science, bionanosciences, and biotechnology. The
synthesis of metal oxide nanoparticles is an important subject
of research in modern physics due to their extraordinary capa-
bilities in the fields of electronic, magnetic, optoelectronic,
information storage, and drug delivery."™ Nanoparticles of
different shapes and sizes have been the subject of great interest
due to their possible applications including industries,
biomedical diagnostics, environmental remediation, and elec-
tronics. Both metal and metal oxide nanoparticles show a large
surface volume ratio and are considered the most promising
and remarkable agents in the agricultural domain. Recently,

“Department of Biotechnology, Faculty of Science, Indira Gandhi National Tribal
University, Amarkantak, Madhya Pradesh (484886), India. E-mail: rpsnpl69@gmail.
com; ravindra.singh@igntu.ac.in; Tel: +91-91-0934-6565

*Department of Chemistry, Govt. V. Y. T. PG Autonomous College, Durg, Chhattisgarh,
India

‘Department of Chemistry, Institute of Science, Banaras Hindu University, Varanasi,
Uttar Pradesh (221005), India

‘Department of Botany, Faculty of Science, Indira Gandhi National Tribal University,
Amarkantak, Madhya Pradesh (484886), India

T Electronic  supplementary
10.1039/d1ra04704c

information (ESI) available. See DOIL

25752 | RSC Adv, 2021, N, 25752-25763

zinc oxide (ZnO) nanoparticles have shown various applications
for addressing physical, chemical, and environmental issues
and have also provided various solutions for solving problems
pertaining to biological sciences. Moreover, chemical and
physical methods can be used to synthesize nanoparticles, but
they tend to be expensive, harmful to the environment, and
need high energy consumption. Thus, biological synthesis
routes utilizing various plant extracts, enzymes, and microor-
ganisms, such as bacteria and fungi, have been suggested as
possible environmentally friendly alternative methods over
chemical and physical methods.*® Moreover, the synthesis of
nanoparticles utilizing plant extracts is more beneficial than
other biological processes as plant organs are more stable,
environmentally friendly, show a higher yield of nanoparticles,
and are faster than the single-step biosynthesis process.” The
plant extracts consist of various flavonoids, alkaloids, and
proteins, which help in the non-agglomeration and stabiliza-
tion of nanoparticles.'*™** It has also been observed that some
plants readily uptake and reduce metal ions from salt or
mineral-rich soil by the process of detoxification and can
convert them into nanoparticles."* Numerous reports are avail-
able on the plant-mediated synthesis of metallic nanoparticles,
notably from Anisochilus carnosus, Trifolium pratense, Magnolia
cobus, Mangrera indica, Pomegranate, Calotropis gigantine,
Annona squamosa, Argyreia nervosa (AN), and extracts of cori-
ander seeds; the plant-mediated synthesis of nanoparticles is

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra04704c&domain=pdf&date_stamp=2021-07-26
http://orcid.org/0000-0001-6488-5520
http://orcid.org/0000-0002-7846-0010
http://orcid.org/0000-0002-3793-0450
http://orcid.org/0000-0003-3592-7589
http://orcid.org/0000-0002-6790-4261
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04704c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011041

Open Access Article. Published on 27 July 2021. Downloaded on 3/13/2026 9:45:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

attracting a lot of attention nowadays due to the unique prop-
erties exhibited by the nanoparticles synthesized from this
route."*'® Moreover, biogenic metal/metal oxide-based nano-
particles have a wide range of utility in various fields, and in
agriculture, where they are widely used as an antimicrobial
agent, for monitoring the plant stress condition, and for the
detection of effluents (pesticides, byproducts in pesticides
(hydrazine), etc.) produced from erroneous agricultural
practices.'”°

AN is an Indian-origin plant belonging to the Convolvulaceae
family and is commonly known as morning glory. The white,
dense hair under the heart-shaped leaves is the main charac-
teristic feature of this plant. Traditionally, its roots are mainly
used to treat neurodegenerative diseases, eczema, swellings,
boils, ringworms, and anti-rheumatic.”* A variety of secondary
metabolites, namely glycosides, alkaloids, steroids, flavonoids,
and similar active metabolites, are found in the plant, which
helps them exhibit various medicinal properties, mainly anti-
asthmatic, anti-inflammatory, and immune-boosting activi-
ties.”> The presence of flavonoids also helps the plant exhibit
anti-cancer activity;*® as previously reported, AN can be used to
synthesize silver nanoparticles.> Zinc oxide is an inorganic
compound that is white in appearance and is insoluble in water.
The white powdered form of ZnO is highly utilized in the form
of additives in many materials and products, namely glass,
ceramics, rubber, cement, paint, plastics, lubricants, adhesives,
plasters, sealants, pigments and food, batteries, ferrite, and fire
retardants. ZnO is a zincite mineral commonly found in the
Earth's crust, but ZnO is produced artificially for commercial
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use. It plays a crucial role as one of the essential microelements
in the human body.* It is found in the human body in different
percentages, like 85% in the whole body, 11% in the skin, and is
also present in other parts of the body.>® Zinc oxide exhibits
various unique chemical, optical, electric conductivity, semi-
conducting, and piezoelectric properties that helps it play an
important role in maintaining the proper functioning of several
macromolecules and enzymes for their catalytic and structural
activity.””

Moreover, zinc oxide is also highly essential for the proper
functioning of various metalloproteins. The unique scaffolding
of zinc finger motifs makes the protein sub-domains interact
with DNA or other proteins.”® To date, many researchers have
synthesized nanostructured ZnO, ZnO metal hybrid composites
(with zinc sulfide (ZnS) and many others), and ZnO nano-
composites with drugs (like leucovorin, etc.) for demonstrating
their potential as a photocatalyst for dye (methylene blue, eosin,
etc.) degradation and as an anti-cancer agent to treat breast
cancer and several other types of cancer.”**' Nowadays, nano-
materials’ unique properties have led researchers to design
several simple and cost-effective techniques to synthesize
nanostructures of technologically beneficial materials. ZnO is
considered one of the most highly explored materials in nano
dimensions due to its wide bandgap and large excitonic binding
energy, which are beneficial for research and industrial appli-
cations.*” Zinc and zinc oxide are very active elements and are
considered strong reducing agents that can be easily oxidized
and form oxides according to their reduction potential; this
property is very helpful for preparing ZnO nanoparticles.*
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Fig. 1 Illustration presenting the complete overview of this work.
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Thus, in this study (see Fig. 1 for an overview of the study), we
report the synthesis of bioinspired triangular ZnO nanoclusters
(bT-ZnO NCs) from AN nascent leave extract and their real-life
application in the agricultural domain for the label-free detec-
tion of ascorbic acid (AA; vitamin C) to monitor the stress
conditions in the plant and also for combating the bacterial
blight disease in rice crops. Hence, this work explores the
extraordinary potential of bioinspired zinc oxide nanoclusters
for the label-free electrochemical sensing of AA; as for the
determination of AA, labeled optical sensors that use ascorbate
oxidase enzyme are available but they are costly, and so for cost
reduction AA sensing, our fabricated direct sensing method can
be an alternative. Apart from the sensing aspect, our study also
tried to explore the antibacterial potentiality of the synthesized
bT-ZnO NCs to prove their capability as a potent agent to
combat a very common rice pathogen that causes bacterial
blight disease and reduces the yield of rice.

2. Experimental

2.1. Material

Zinc acetate dihydrate ((CH3;COO),Zn-H,0; MW: 219.49 g
mol~'; CAS number: 5970-45-6), r-ascorbic acid (CeHgOg; MW:
176.12 g mol~*; Product cat no.: 50-81-7), potassium hexacyano
ferrate(n) trihydrate (CoFeK4Ng-3H,0; MW: 422.39 g mol };
Product cat no.: 1.93686.0521), potassium hexacyano ferrate(ur)
(CeFeK3Ng; MW: 329.25 ¢ mol~*; Product cat no.: 1.93667.0521),
sodium chloride (NaCl; MW: 58.44 ¢ mol '; Product cat no.:
S9888), and Whatman filter paper Grade-1 were obtained from
Sigma-Aldrich. Sodium hydroxide (NaOH; MW: 40.00 g mol ;
CAS no.: 1310-73-2) and ammonia liquor (NH3; MW: 17.03 g
mol™'; CAS no.: Q16225) were obtained from Qualigens,
Thermo Fisher Scientific. Luria Bertani Agar, Miller (GM1151),
ampicillin (SD002), disodium phosphate (Na,HPO,-H,0; MW:
177.99; CAS no.: 10028-24-7), and monosodium phosphate
(NaH,PO,; MW: 119.98; CAS no.: 7558-80-7) were procured from
Himedia. All the chemicals used for the experiments were of
analytical grade and used as received without further purifica-
tion. The ITO sheets (surface resistivity 30-60 Q sq ") were
procured from Sigma-Aldrich for the electrophoretic deposition
of bioinspired triangular ZnO nanoclusters (bT-ZnO NCs). The
pure cultures of Escherichia coli and Xanthomonas oryzae
bacteria were laboratory obtained. AN nascent leaves were
collected from the herbal garden of Dr Singh at IGNTU,
Amarkantak, M.P., India. Milli-Q water (18 Q resistivity; Milli-
pore, USA) was used to in all the experimental works.

2.2. Preparation of the AN plant extract

The collected AN nascent leaves were washed with Milli-Q water
and dried using absorbent paper; then, they were chopped into
fine pieces using a sterilized chopper. Further, the finely
chopped leaves were weighed for preparing the plant extract
solution in Milli-Q water by adding 100 mg ml™"; then, this
solution was boiled for 30 min at 65-70 °C. After 30 min boiling,
the extract solution was kept at room temperature. Finally, the
cooled solution was centrifuged at 10000 rpm for 10 min, then
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the pellet was discarded, and the supernatant was retained.
Further, the supernatant was filtered through the Whatman
filter paper 1, and the obtained filtrate solution was stored at
4 °C for further experiments.

2.3. Biological synthesis of the bT-ZnO NCs

To synthesize the bT-ZnO NCs, we followed our previously
established protocol based on a co-precipitation method.
Consequently, 20 mM of 50 ml zinc acetate dihydrate aqueous
solution was kept on magnetic stirring at 400 rpm, and after
10 min of stirring, AN plant extract was added in three lots (0.25,
0.5, and 1.0 ml). Further, after the addition of AN plant extract, it
was left for 10 min stirring, with the pH maintained at 12 by
using 2 M NaOH solution, and then it was left for 2 h stirring,
ultimately resulting in a change of color from transparent to
a yellow-colored precipitate, and slowly it turned into a white-
colored precipitate. The precipitate was centrifuged at
10000 rpm for 5 min and washed three times with Milli-Q water.
After washing three times, the white pellet was collected in
awatch glass and placed in a hot air oven at 60 °C for 8 h drying.
After air-drying, the synthesized bT-ZnO NCs were stored in an
airtight container for further characterization and application.

2.4. Electrophoretic deposition of the bT-ZnO NCs on the
ITO

This work will utilize the electrophoretic deposition (EPD)
method to make a thin film of prepared bT-ZnO NCs. For per-
forming EPD, a hydrolyzed ITO glass substrate (1 x 2 cm) was
utilized. Further, after optimizing all the EPD parameters, 1 mg
of prepared bT-ZnO NCs was added to a 20% ethanol-water
mixture (20 ml), which underwent 30 min ultrasonication to
form a colloidal dispersion. Further, for preparing the bT-ZnO/
ITO electrode, 25 V current was applied for 1 min to form
a uniform film, and the prepared electrode was used in the
electro-oxidation studies of AA.

2.5. Characterization

UV-vis absorption spectroscopy was performed using a UV-1800
instrument (Shimadzu, Japan), in the wavelength range of 200-
800 nm to investigate the optical properties of the NCs. The
vibration spectrum of the synthesized biogenic bT-ZnO NCs was
determined on an FTIR spectrophotometer (Nicolet iS5,
Thermo Fisher Scientific) in the spectral range of 400-
4000 cm™'. XRD techniques were used to examine the structure
and crystalline size of the bT-ZnO NCs on an X-ray diffractom-
eter (D8 Advance, Bruker) with a Cu-Ko. radiation (1 = 1.5406 A)
in the 20 angles ranging from 10° to 80°. A Zetasizer instrument
(Litesizer 500, Anton Paar) was used to determine the zeta
potential of the synthesized materials. SEM and energy disper-
sive X-ray analysis (EDX) were performed to determine the
surface morphology and element confirmation, respectively, of
the synthesized NCs using an EVO 18 system (Zeiss, Germany).
TEM analysis was performed for elemental imaging of the bT-
ZnO NCs utilizing an FEI Tecnai G2 F20-Twin system (Swiss
Republic), at an operating voltage of 300 kV. AFM (NEXT, NT-
MDT) was used to determine the surface morphology of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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fabricated bT-ZnO/ITO electrodes. A Genetix DC power supply
was used for performing EPD. Further, the electro-oxidation
study of AA by the bT-ZnO/ITO electrode was performed using
an electrochemical workstation (Kanopy Techno Solutions Pvt
Ltd, India), using a three-electrode setup.

3. Result and discussion

3.1. Structural, optical, and morphological characterization
of bT-ZnO NCs

Initially, the synthesized bT-ZnO NCs were analyzed with a UV-
vis spectrophotometer between 200-600 nm scan range. The
UV-vis spectral analysis confirmed the reduction of zinc acetate
dihydrate to bT-ZnO NCs through the surface plasmon reso-
nance (SPR) peak at 365 nm (Fig. 2A). The formation of the SPR
absorption band may be due to the presence of free electrons
and the interaction of the light wave with the free electrons of
the bT-ZnO NCs.** The sharp peak present in the visible spectral
analysis confirmed the uniformity in the biosynthesized
ZnONPs. Moreover, the obtained UV-vis result is in good
agreement with previous reports on zinc oxide nanoparticles
using biogenic synthesis.* Further, a Tauc plot was used to
calculate the energy band gap, as shown in Fig. 2B, and the
measured band gap was 3.04 eV, as calculated by plotting the
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Fig. 2
ZnO NCs, and (D) XRD pattern of the bT-ZnO NCs.
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graph between energy vs. (ahv)® (eV cm ')°. where « is the
absorption coefficient, v is the frequency of the incident rays,
and £ is Plank's constant.

FTIR study of the bT-ZnO NCs was performed for the wave-
number vs. transmittance to analyze the synthesized bT-ZnO
NCs within a scan range of 4000-500 cm ' to determine the
phytochemicals responsible for the formation, capping, and
stabilization of the biosynthesized zinc oxide nanoclusters from
the nascent leaf extract of AN. The FTIR spectrum of the of bT-
ZnO NCs showed major absorption peaks (Fig. 2C) at 3721,
3623, 2976, 2357, 2179, 2034, 1647, 1556, 1050, 1008, 673, 417,
and 407 cm '. The spectra of the biosynthesized sample
detected a peak at 3623 cm ™', revealing the presence of an O-H
hydroxyl of the alcohol, while the peak at 2976 cm™"' corre-
sponded to the C-H stretching of the alkane functional groups.
The strong absorption peak at 2357 cm™ " was assigned to the
P-H of phosphine, while the absorption peak at 2034 cm™*
demonstrated the existence of N=C in R-N=C=y_, whereas the
absorption peak at 1556 cm ™" indicated the C-O stretch of the
carboxylic group. The absorption peaks at 1647, 1050, 673, 417,
and 407 em™ " were associated with the vibration modes of the
zinc oxide nanoparticles (metal-oxygen).**>*” Furthermore, the
slight variations in intensity at 3865-3760 cm ' reflected the
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(A) UV-vis absorption spectra of the bT-ZnO NCs, (B) Tauc plot demonstrating the energy band gaps, (C) FTIR vibration spectra of the bT-
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involvement of an intermediate form of phenolic groups, such
as protein and carbohydrates. Further, the zeta potential anal-
ysis of the bT-ZnO NCs displayed a negative potential of
—22 mV; from this, it can be stated that these bioinspired
nanoclusters were highly bioactive and would remain stable in
the colloidal suspension.

The X-ray diffraction (XRD) patterns revealed the orientation
and crystalline nature of the bT-ZnO NCs (Fig. 2D). The peaks in
the standing state for the 26 values of 31.36, 34.41, 36.18, 47.43,
56.59, 62.78, 66.00, 67.98, and 69.00 were recorded as the (100),
(002), (101), (102), (110), (103), (200), (112), and (201) planes,
respectively, which were in good agreement with the Interna-
tional Centre of Diffraction Data card (JCPDS no. 89-1397)
confirming the formation of bT-ZnO NCs, which were attributed
to a hexagonal structure. Moreover, these diffraction peaks
fitted well with the pure hexagonal phase of wurtzite bT-ZnO
NCs in the space group P6;mc (no: 186), having the lattice
parameters a = 3.253 and ¢ = 5.213. Apart from this, no extra
diffraction peaks of other phases were detected, indicating the
purity of the bT-ZnO NCs. Further, the average crystallite size
could be calculated using the Debye-Scherrer formula (eqn (1))
from the obtained crystallographic planes, and the calculated
average crystalline size from eqn (2) was found to be 22 nm. In

e
a
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eqn (1), D corresponds to the crystallite size, the X-ray wave-
length (2 = 1.5406 A), 8 is the full width at half maximum
(FWHM) of the more intense peak, and the Bragg diffraction
angle is represented by 6.

D = 0.94/(B cos 6) (1)

To investigate the bT-ZnO/ITO electrode’s surface properties,
atomic force microscopy (AFM) studies were carried out, and
the results are demonstrated in Fig. 3A. The morphology of the
bT-ZnO/ITO electrode showed a uniform distribution of bT-ZnO
NCs on the ITO surface, while the roughness calculation for the
ZnO electrode surface gave a root mean square roughness (RMS-
Ry), roughness average (R,), and max peak height profile of
29.024 nm, 16.974 nm, and 232.022 nm, respectively. The max
peak height here is very high due to the trigonal morphology of
the synthesized material. Further, it was also observed that the
bT-ZnO NCs on the surface of ITO were distributed uniformly,
and the distributed particles were trigonal, awhile the bT-ZnO/
ITO electrodes 3D surface morphology also demonstrated the
homogeneous distribution of the trigonal structure of ZnO.
Further, the surface topology of the bT-ZnO NCs powder was
validated by scanning electron microscopy (SEM; Fig. 3B), and it

Fig.3 AFM, SEM, and TEM analysis of the bT-ZnO NCs, (A) AFM data of the bT-ZnO/ITO electrode 2D (left), and 3D (right), (B) SEM micrography,

and (C) TEM analysis: HR-TEM and inset the SAED analysis (right).
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Fig. 4 bT-ZnO NCs' EDX analysis.
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demonstrated again that the bT-ZnO NCs had a trigonal shape
and were uniformly distributed, as determined in relation to the
obtained AFM data; however, agglomeration was also observed
to some extent.

Further, transmission electron microscopy (TEM) analysis of
the bT-ZnO NCs revealed the average particle size and shape, as
demonstrated in Fig. 3C. The result revealed that most of the
bT-ZnO NCs were trigonal, while the quantitative analysis per-
formed by TEM revealed that the average particle size of the bT-
ZnO NCs was around 43 nm, which was also determined by
fitting the histogram by the Lorentzian function (not included
in data form). Thus, the average particle size and crystalline
particle size calculated by XRD were related, as the crystalline
size of a particle can be £20 nm less than the average particle
size of NCs. In addition to this, the SAED (selected area electron
diffraction) image (Fig. 3C) obtained from the TEM analysis was
completely related to the 26 peaks obtained in the XRD, while
the SAED image also demonstrated the highly polycrystalline
nature of the synthesized bT-ZnO NCs. To conclude, it was
necessary to confirm the synthesized NCs elemental composi-
tions, which were examined via EDX, and the obtained result
demonstrated (Fig. 4) and confirmed that the synthesized NCs
were ZnO, as EDX demonstrated the presence of only two
elements Zn and O with atomic percentages of 76.45% and
23.55%, respectively.

3.2. Antibacterial studies

Crop plants are highly susceptible to various bacterial patho-
gens, which can lead to severe crop losses, potentially resulting
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in global socio-economic disturbance. Therefore, controlling
plant diseases using antibacterial agents without affecting the
environment is a pressing need in agriculture. In this work, we
also hypothesized that the bT-ZnO NCs could act as a potential
antibacterial agent for agricultural applications for combating
various plant pathogenic bacteria. However herein in this work,
we utilized a Gram-negative plant pathogenic bacteria, X. ory-
zae, a major host in rice (Oryza sativa), in which it causes
bacterial blight and affects more than 70% of rice crops yearly.
The major regions in which the rice crop is highly affected by
this pathogen are Asia, the Caribbean, Latin America, and
Africa's western coast.*®* To demonstrate the antibacterial
activity of bT-ZnO NCs, it was examined on Escherichia coli and
Xanthomonas oryzae through a well-diffusion method. The
antibacterial well-diffusion assay was performed in triplicate,
and the bT-ZnO NCs at both the tested concentrations (50 pg
and 100 pg) exhibited a zone of inhibition (ZOI) against both E.
coli and X. oryzae. At a concentration of 50 ug of bT-ZnO NCs,
the ZOI against both E. coli and X. oryzae was 10 and 2 mm in
diameter, respectively, and at a concentration of 100 pg of bT-
ZnO NCs, the ZOI against both E. coli and X. oryzae was 14
and 12 mm in diameter (Fig. 5A and B). Thus, it was evident that
the ZOI increases with the increase in NCs concentration.
Hence, it was manifested that the bT-ZnO NCs have the
potential to be utilized as an agent for combating bacterial
blight disease caused by X. oryzae, but it must be subjected to
further comparative studies with Gram-positive bacteria as well
as undergoing studies related to the nanotoxicological aspects.
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Square root of Scan rate (mV/s)

(A) CV and (B) DPV of the bare ITO (black curve), and bT-ZnO/ITO (red curve), (C) CV curve of bT-ZnO/ITO at varying scan rates (10—

100 mV s, pH 7) at 27 °C. (D) Increasing current vs. difference in the potential as a function of the square root of the scan rate (10-100 mV s~ %).
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3.3. Electrochemical studies

3.3.1. Cyclic voltammetry and differential pulse voltam-
metric studies. The redox behavior of the bT-ZnO/ITO elec-
trodes prepared by EPD was investigated in 50 mM PBS (0.9%
NaCl) solution of pH 7 containing 5 mM [Fe(CN)s>/*~ at
a 50 mV s~ ' scan rate, in comparison with the bare ITO elec-
trode (Fig. 6A). The cyclic voltammetry (CV) of bare ITO (black
curve) exhibited a redox couple of peaks, which corresponded to
the mediator [Fe(CN)s > /*~, which demonstrates the material's
electrochemical characteristics, and the bare ITO showed an
oxidation/anodic current peak (I,,) at 0.53 mA. For the electro-
deposited bT-ZnO/ITO electrode, the I,, value was highly
elevated, leading to a current peak at 1.26 mA (red curve), which
demonstrated that the bT-ZnO NCs provided the ITO with
relatively better conductivity owing to their large surface area,
which further indicated the enhanced electrocatalytic behavior
compared to ITO as an electrode. The results from the differ-
ential pulse voltammetric (DPV) studies were completely related
to the CV measurement, as it also exhibited a higher current on
the bT-ZnO NCs fabricated electrode (Fig. 6B).

3.3.2. Scan rate effect. For investigating the interfacial
kinetics of the bT-ZnO/ITO electrode, as a function of varying
the scan rate from 10-100 mV s~ %, CV studies were conducted
(Fig. 6C). From this study, it was observed that the magnitude of
the anodic/oxidation (I,,) and cathodic/reduction (I,.) peaks
current increased linearly with respect to increasing the scan
rate (Fig. 6D). Further, it was also evident that with increasing
the scan rate, the current at I, was shifted toward a more
positive potential value, whereas the current at I,. was shifted
toward more negative potential, which suggested that the
oxidation-reduction (redox) behavior involved a quasi-
reversible process.

3.3.3. Kinetic studies. The charge transfer rate constant
(Ks) value change obtained by surface modification of the ITO by
the bT-ZnO NCs was calculated using eqn (2),* where F is the
Faraday constant (96 485C mol'); R is the gas constant, which

1.5
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is 8.314 ] mol ' K™ %; m is a separation of the peak-to-peak (V); n
corresponds to the number of electrons transferred, i.e., 1; v is
the scan rate (50 mvV), and T is 27 °C (room temperature). By
employing all these values, K; was determined for the bT-ZnO/
ITO electrode as 0.6382 s~', which was attributed to the
increased transfer of electrons owing to the higher catalytic
activity of the bT-ZnO NCs. The shift in potential (AE, = Ep,(-
anodic peak) — E,.(cathodic peak)) exhibited a linear relation-
ship with respect to the scan rate (Fig. 6D). From this result, it is
evident that the electrochemical reaction of AA with bT-ZnO
NCs was a diffusion-controlled process. Further, the D (diffu-
sion coefficient) for the diffusion of [Fe(CN)s]>/*~ from the
electrolyte solution to the bT-ZnO/ITO electrode surface was
calculated by the Randles-Sevcik equation, eqn (3),* in which I,
corresponds to the electrode peak current, ie., Iz and I 7 is
the electron number (1); A is the electrode’s surface area (0.25
cm?®); and C is the concentration at the surface in mol cm > (5
mM). Putting the values in eqn (3), the obtained D value of the
bT-ZnO/ITO electrode was 2.0627 x 10* cm? s~ . Moreover, the
surface concentration of the electrode was projected by the
Brown-Anson model (eqn (4)), where 7 is the electron trans-
ferred, i.e., 1; v corresponds to the electrode's surface concen-
tration (mol em™?); and T is room temperature. Thus, the bT-
ZnO/ITO's surface concentration was calculated by putting all
the above values in to eqn (4) and was found to be 5.94 X

1077 mol cm™2.

K = mnFvIRT (2)
Ip — (269 % 105)113/2AD]/2CV1/2 (3)
I, = ”*FPYAVIART (4)

3.3.4. Optimization of the pH. The electrochemical
behavior of bT-ZnO/ITO was optimized for different pHs (5.7 to
8.0) by CV studies in 50 mM PBS (0.9% NaCl) containing 5 mM

1.0 A 110

Current (ma)

0.5

0.0

Curent (mA)

-0.5 4

-1.0

T T
0.2 0.4 0.6 0.8 1.0 1.2

Potential (V)

Fig.7 CV of the bT-ZnO/ITO electrode with varying the pH (5.7 to 8) of 50 mM PBS (0.9% NaCl) containing 5 mM [Fe(CN)gl* 4~ the inset shows
the current response of the bT-ZnO/ITO electrode as a function of the pH.
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Fe[(CN)s] * at a scan rate of 50 mV s * (Fig. 7). It was observed
that the oxidation/anodic peak current increased from pH 5.7 to
7, and then from pH 7, it again decreased up to 7.5 pH, and at
pH 8, the I, value again increased slightly. The maximum
current at I,, was observed at pH 7 due to the interaction
between the bT-ZnO/ITO with the [Fe(CN)o]>""*~ when
compared to the I,, value of bT-ZnO/ITO at other pH conditions.
Hence, pH 7 was considered a suitable pH for performing the
CV measurements after optimization.

3.3.5. Electro-oxidation studies of AA. In this work here, we
hypothesized that the bT-ZnO NCs have potential applications
in the agricultural domain, and to prove this hypothesis, we
demonstrated their electrochemical sensing response for AA, as
under stress conditions plants secrete AA for combating stress.
Thus, there is an urgent need to develop a highly effective
sensor for determining plants' chemicals during stress condi-
tions, which can help monitor plant stress conditions. For
achieving this objective, the CV response of the bT-ZnO/ITO
electrode was analyzed with different AA concentrations, in
50 mM PBS (pH 7, 0.9% NaCl) containing [Fe(CN)¢]*"*"at
a 50 mV s~ ' scan rate. Fig. 8A shows the electrochemical
sensing results by the CV of the bT-ZnO/ITO electrode as
a function of varying the AA concentration (4 to 28 mM). From
the CV studies, it was evident that with increasing the AA
concentration, the anodic and cathodic peak current increased
and decreased, respectively, at a linear interval, suggesting that
the bT-ZnO NCs were very sensitive to AA. The overall redox
reaction of AA by the bT-ZnO/ITO electrode is demonstrated in
Fig. 9A and B.
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g 0.0 +
-0.5 4
a) — omMm e) — 16mm
-1.0 4+ b) —a4mm f) —20mM
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Fig. 8 (A) Electrochemical sensing of AA with varying the concen-
tration (4-28 mM) by the bT-ZnO/ITO electrode in 50 mM PBS (pH 7,
0.9% NaCl) containing 5 mM [Fe(CN)el® /4~ at scan rate of 50 mV s~
(B) Calibration curve of the bT-ZnO/ITO electrode with varying the
current as a function of the AA concentration (4-28 mM) in 50 mM
PBS (pH 7, 0.9% NaCl) containing 5 mM [Fe(CN)g]®*~/4~ at a scan rate of
50 mV st
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The peak current obtained for the anodic/oxidation and
cathodic/reduction peak showed a linear relationship with the
concentration in the range between 4-28 mM (Fig. 8B). The
linear calibration coefficient (R*) obtained was 0.99465,
demonstrating a strong relationship between the AA concen-
tration and the obtained anodic/oxidation current. The fabri-
cated bT-ZnO/ITO electrode showed a very low limit of detection
(LOD) of 0.5321 mM and demonstrated linearity from 4-28 mM.
Moreover, the fabricated electrode had a sensitivity of 29.88 uA,
which suggested it was highly sensitive. The LOD was calculated
by 3 x SD/sensitivity, where SD stands for the standard devia-
tion of the calibration plot slope and the background current.
From the bT-ZnO/ITO electrode's electro-oxidation activity
results when exposed to various AA concentrations, it could be
concluded that this electrode can be used as a prominent sensor
for the quantitative determination of AA in agricultural samples
as well as in biological samples too. For determination of the
response time of the bT-ZnO/ITO electrode, the electrochemical
response was measured from 0-60 seconds, and initially the
current magnitude increased and reached a maximum value at
5 s, and after this, the current became saturated, which
demonstrates that 5 s was the response time of the bT-ZnO/ITO
electrode for the proper sensing of AA. Moreover,
reproducibility/reusability studies were also performed (ESI
Fig. 1A7), which demonstrated that after 25 scans, the bT-ZnO/
ITO electrode lost only 1.52% of the current, demonstrating that
this label-free electrode was highly reusable/reproducible.
Furthermore, the stability or durability studies (ESI Fig. 1B¥)
were also performed for 46 days at an interval of 5 days, and the
bT-ZnO/ITO electrode retained its activity for up to 46 days, as
on the 46th day it had only lost 3.7% current, which justifies
that the as-fabricated electrode was highly stable for up to 46
days at 4 °C. Further, Table 1 compares this results in this work
for the electrochemical sensing of AA with the pre-existing
works of this type with different materials as the electrode.***

+2H* + 2¢

Ascorbic acid Dehydroascorbate
B) Ascorbic acid Dehydroascorbate
-2H*, 2e-
0 U\
ITO

Fig. 9 Illustration of the redox reaction mechanism of AA: (A) general
reaction of AA and (B) reaction mechanism of the AA redox reaction at
the bT-ZnO/ITO electrode.
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Table 1 Comparison of the electro-analytical parameters of previous works with this work

Method  Electrode Medium pH  Sensitivity Liner range  Detection limit =~ Response time  Ref.

Ccv DPSA-doped nanoPANI/SPE 6.8 pH 10.75 pAmM ™' 0.5-8 mM 8.3 mM — 40

cv Polyaniline (PANI)/SCPE 5.0 pH 17.7 pApM ! 30-270 M 30 uM — 41

DPV Au-PEDOT 7.0 pH 0.875 pPApM™'  5-300 pM 2.5 pM — 42

CV Tm,O03/ITO electrode 7.0 pH — 0.2-8 mM 0.42 mM — 43

Ccv bT-ZnO/ITO electrode 7.0 pH 29.88 PAmM ' 4-28 mM 0.532 mM 5 seconds Present work

It can be seen that the sensitivity and the response time ob-
tained in this work are very promising when compared to other
works.

4. Conclusion and future prospects

In this work, bioinspired triangular ZnO nanoclusters were
characterized for their optical, structural, and morphological
properties and then further investigated for their applications
in the agricultural domain by checking the bT-ZnO NCs utility
as an antibacterial agent for combating plant pathogenic
bacterium and for utilization of the bT-ZnO NCs for the label-
free quantitative determination of AA in plants for the proper
monitoring of plant stress conditions. The synthesized bT-ZnO
NCs were found to be very advantageous when compared with
other previously synthesized ZnO materials. In particular, the
bT-ZnO NCs in this work could be synthesized from a single-
step process by using plant extract as a capping, reducing,
and stabilizing agent, which in turn make these synthesized
NCs very cost-effective as the fabrication process does not
utilizes any chemical or physical methods, which are generally
expensive methods that are also harmful to the environment
and need a high energy consumption. Thus, the bioinspired
synthesis route utilizing plant extracts is suggested to be
a possible environmentally friendly alternative over chemical
and physical methods and offers enhanced stability for the
synthesized material, improved environmental friendliness,
and a higher yield.

Moreover, in this work, we performed preliminary studies to
prove the utility of the bT-ZnO NCs as an antibacterial agent,
and the results proved that the bT-ZnO NCs were highly bene-
ficial for combating bacterial blight disease in the rice crop, but
still more studies related to comparisons between Gram-
negative and Gram-positive bacteria are needed as well as
nanotoxicological studies of the bT-ZnO NCs before utilization
of this material on-field for combating bacterial blight disease.
These remain our next objective. Moreover, herein we also re-
ported the role of bT-ZnO NCs for their electro-oxidation
response toward AA, which was demonstrated to show a very
good response time, high sensitivity, and low LOD of 5 s, 29.88
pA, and 0.5321 mM, respectively. The sensing of AA was highly
linear in the range from 4-28 mM. Thus, this study's findings
demonstrate that the bT-ZnO NCs are a promising agent to be
utilized in agriculture as an antibacterial agent for combating
bacterial blight disease in rice crops and also may be a capable
platform for the label-free, simple, and rapid quantitative

© 2021 The Author(s). Published by the Royal Society of Chemistry

determination of AA in agricultural samples of plants/crops, for
proper monitoring of plants under stress conditions. Further,
from the results of this study, the ZnO-based AA sensors can be
a prominent tool for determining the AA levels in plants. The
work reported herein represents preliminary information, and
we are also continuing to work on these models for the
commercial availability of our bT-ZnO NCs-based sensors for
the on-field detection of AA, although currently, we are first
working toward the further optimization of this sensor for
making it cost-effective, robust, and more accurate. To achieve
this, we are working on the fabrication of a paper-based elec-
trode with the same material to achieve a similar/higher
sensitivity and effectiveness for making this technology more
cost effective.
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