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Abstract

The primary challenge for farmers at present is providing for an ever-increasing population while having little available
land that is severely polluted. Zinc oxide (ZnO) nanoparticles (NPs) exhibit interesting properties and potential for applica-
tions in various disciplines, especially as nanomaterials in agriculture. In this study, to improve the quality of green gram
(Vigna radiata) seeds and the first-time cultivation of green gram pods, ZnO NPs were synthesized using seaweed (Codium
decorticatum) extract. Several investigations show that the synthesis procedure of ZnO NPs determines the physicochemical
properties of ZnO NPs. The antimicrobial efficacy of plant pathogenic organisms such as Xanthomonas phaseoli, Colletotri-
chum lindemuthianum, Cercospora canescens, Rhizoctonia bataticola, and Ascochyta phaseolorum was examined using the
agar well technique. X-ray diffraction, UV spectrum, and field emission scanning electron microscopy analyses were used to
investigate the structural, optical, and morphological characteristics of the thus-synthesized NPs, respectively. These analyses
demonstrated the crystal structure and the spherical shape of the NPs and showed that they ranged in size from 25 to 35 nm.
The purity of the NPs and the functional moieties contributing to their efficient manufacturing and stability were investigated
using energy-dispersive X-ray analysis and Fourier transform infrared spectroscopy, respectively. Green gram seeds were
subjected to foliar treatments of various concentrations of the synthesized ZnO nano-fertilizer. Among these concentrations,
the 20 mg/L ZnO nano-fertilizer resulted in the highest level of biochemical content and improvements in different growth
metrics in plants. These results show that the biosynthesis of ZnO NPs was safe, effective, non-toxic, and environmentally
friendly. Furthermore, the thus-synthesized ZnO NPs showed strong antibacterial activity in plants. In addition, they were
found to be efficient in improving the cultivation and production of green grams. Hence, these ZnO NPs show outstanding
antibacterial activities and could be recommended as nano-fertilizers.
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Statement of novelty

This is the first time, we have used Codium decorticatum
seaweed extract for the treatment of nano-fertilizer (Vigna
radiata).

Introduction

Nanoparticles (NPs) play a vital role in various disciplines,
such as medicine, cosmetics, agriculture, and food indus-
tries. Recent research has shown that using plants and
microorganisms to synthesize metal NPs is an effective and
environmentally friendly approach [1]. The application of
nanotechnology in agriculture can improve product quality,
minimize the adverse effects on the environment and human
health due to pesticide usage, increase crop productivity,
and improve food security, especially in terms of climate
change and population growth. Using NP-based fertilizers
can promote plant development and enhance product quality
as well as ensure soil quality [2]. Furthermore, by using car-
riers and chemicals based on NPs, the need for fertilizers and
pesticides is decreased without affecting production.
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The agriculture sector significantly benefits from nano-
technology. One of the goals of nanotechnology is to use
NPs to synthesize novel, high-quality with potential for
applications in wide-ranging fields [3]. Nanotechnology
and biotechnology have significantly contributed to the
advances in the agriculture industry [4]. Today, the major-
ity of researchers agree that nanomaterials (NMs) are a key
component of modern science and technology. Since NMs
can enter the environment via various routes, the relation-
ship between NMs and ecosystems has become a contentious
issue worldwide [5]. As they show immense potential in
many disciplines, NMs with at least one structural dimen-
sion at the nanoscale level receive more scientific interest
[6].

Zinc (Zn) is a micronutrient that is crucial for plant devel-
opment as it plays a key role in auxin production, and growth
hormone necessary for tryptophan synthesis, a precursor of
indole-3-acetic acid [7]. Furthermore, Zn contains a com-
ponent that is necessary for the activity of various enzymes
and proteins [8, 9]. Moreover, Zn is a cofactor for many
enzymes, such as carbonic anhydrase, carboxypeptidase,
and superoxide dismutase. Zn deficiency negatively affects
plants by limiting their development, reducing tiller count,
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inducing chlorosis, reducing the leaf size, increasing the
crop maturity period, and resulting in sterility of spikelet’s
and poor quality end products [10]. Plant enzymes triggered
by Zn are involved in various processes such as regulation of
auxin production, preservation of cellular membrane integ-
rity, protein synthesis, pollen development, and carbohydrate
metabolism [11]. ZnO nano-fertilizers provide beneficial
solutions to many environmental issues, such as fertilizer
overuse, chemical leaching, and pollution. Thus, the syn-
thesis of NPs has been increasing worldwide.

Seaweeds find applications in several disciplines, such
as the production of food products, feed, fodder, fertilizers,
industrial goods, and various chemicals, as they are inexpen-
sive and eco-friendly due to the presence of fiber, probiotics,
antioxidants, vitamins, and minerals [12]. In addition, the
presence of auxin, cytokinins, betanins, macronutrients, and
micronutrients, which promote seed germination, crop pro-
duction, and resistance to frost, insect, and fungal assaults,
has made seaweeds more prevalent in contemporary agricul-
ture practices in the last decade [13]. Hence, chemical ferti-
lizers can be substituted by seaweed-based nano-fertilizers.

The findings of this study suggest, for the first time, the
seed quality of green gram and the production of green gram
pods as important parameters in ZnO NPs synthesis using
seaweed extract. The synthesized ZnO NPs were character-
ized using several physicochemical characteristics. In addi-
tion, their antimicrobial activities were also investigated
against the microorganisms that cause diseases in plants.

Materials and Methods

Chemicals, Sample Collection, and Seaweed Extract
Preparation

All chemicals and solvents used were bought from Sigma-
Aldrich Chemicals, India. The seaweed Codium decortica-
tum, a member of the Chlorophyceae family, was procured
between July and August 2023 from Devipattinam, Tamil
Nadu, India (Lat, 9° 47 N, Long, 78° 89E) (Fig. 1). To
remove undesirable contaminants and epiphytes from the
samples, they were carefully washed in seawater upon col-
lection. The samples were then separated from the seawater
and packed in new polythene bags before being transferred
to the laboratory.

The seaweed samples were cleaned and sliced into pieces.
The samples were then grilled in distilled water for 10 min at
95 °C. To prepare the seaweed extract, 100 g of seaweed was
crushed in 200 mL of distilled water, which was then filtered
using a muslin cloth. The filtrate was then treated with equal
volumes of Millipore water, filtered through Whatman No.
1 paper, and kept at 4 °C until further analysis.

Fig.1 Codium decorticatum

ZnO NPs Synthesis

With ~400 mL of 0.1 M zinc acetate, 80 mL of seaweed
extract was mixed using a magnetic mixer. To the mixture
was then added 400 mL of 0.2 M NaOH, which was then
vigorously stirred at 60 °C. After 3 h of stirring, a pale yel-
low precipitate appeared, which showed that ZnO NPs were
successfully synthesized. The precipitate was collected, cen-
trifuged, and oven-dried. The dried powder was then heated
in a muffle furnace for 4 h at 400 °C.

Properties of ZnO NPs

Optical absorption of the ZnO NPs ranged between 200 and
600 nm, which was determined using a UV-Visible spec-
troscope (Shimadzu UV-1800). To determine particle size
and crystallized nature, powder diffraction measurements
(BRUKER AXS, D8 Discover, etc.) were carried out in
the temperature range of 20° to 80° with CuKa radiation
(A=0.15 nm). NPs’ size, shape, and surface morphology
were determined using field emission scanning electron
microscopy (FE-SEM) with energy-dispersive X-ray (EDX)
analysis (Supra 55-Carl Zeiss, Germany). In addition, the
functional compounds present in the NPs were studied
using a IRAffinity-1 S Fourier transform infrared spec-
troscopy (FT-IR) spectrophotometer operated at a range of
3500-500 cm™.

Antimicrobial Efficiencies

Disease-causing plant pathogens such as Xanthomonas
phaseoli, Colletotrichum lindemuthianum, Cercospora
canescens, Rhizoctonia bataticola, and Ascochyta phase-
olorum were purchased from MTCC, Chandigarh, India,
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which investigated using the agar well diffusion method.
Bacterial and fungal strains were subcultured in MHA and
SDA media at 35 °C and 30 °C, respectively. A 6-mm hole
was dug on MHA and SDA plates, and a 20 pL sample
was injected into each well using a micropipette. Genta-
mycin (50 pug) was used as the bacterial and fungal posi-
tive control, and MilliQ water as the negative control. The
bacterial and fungal cultures were grown for 24 and 72 h,
respectively, at 30 +2 °C and 37 +2 °C. Experiments were
carried out in triplicate, and the outcomes were expressed
in millimeters.

Preparation of ZnO Solution and Green Gram Seeds

The following ZnO concentrations were refined using ultra-
sonication and deionized water dispersion for 30 min: 5, 10,
20, 40, 80, and 160 mg/L. An all-deionized water priming
control was used. Green gram seeds (Vigna radiata) pur-
chased from the Seed Centre at the Tamil Nadu Agricul-
tural University (TNAU), Coimbatore, Tamil Nadu, India,
were utilized in all analyses. Seed priming was conducted
by mixing with 3% H,0, and then cleaning with deionized
water. The seeds were then soaked in ZnO solutions, vented
for 12 h, and air-dried at room temperature until further
analysis.

Influence of ZnO Nano-priming on the Sprouting
of Seeds and Juvenile Indices

The ISTA (International Seed Testing Association) tissue
paper technique was used to examine the germination of
green gram seeds using both nanoprimed and unprimed
ZnO (control). About 15 seeds were placed in sprouting
plates, which were then moistened using distilled water for

ZnO NPs
—298 nm
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Fig.2 UV Vis absorption spectrum of ZnO nanoparticles

@ Springer

-~ ZnO NPs
-
<
=
= S
3 A\
< ~ o~
g g ~
& S 2 & ~
» —~ ~ S N
g g S
2 2 )
=
—
T T T T T T T
10 20 30 40 50 60 70 80

20 in degrees

Fig.3 XRD pattern of ZnO nanoparticles

every experiment. Then, the sheets were gently rolled in
a butter knife, fastened using an elastic band, and stored
at 25 °C and 90% RH in a dark sprouting room. The seed
sprouting proportion was evaluated on day three. This
procedure was repeated four times, and the findings were
expressed as means.

The Impact of Foliar Spraying of ZnO NPs on Pot
Culture

The efficiency of the NPs was examined in a cultivated
field in Ayyampet, Thanjavur District, Tamil Nadu, India.
After germinating the sprouts for three days in cement
pots, they were kept in a garden. Young plants were trans-
ferred to containing a 1:1 mixture of agricultural soil and
sand. Then, for the first 30 days, all plants were provided a
100% water level of the field potential, and either tap water

ZnO NPs
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Fig.4 FT-IR spectrum of ZnO nanoparticles
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Fig.5 a FE-SEM image of ZnO nanoparticles, b Elemental analysis of ZnO nanoparticles, ¢ Histogram frequency distribution

was used to water the plants or various concentrations of
the nano-fertilizer were sprayed on them before and after
blossoming. All experiments were conducted in triplicate.
Before spraying, the NPs were soured for 30 min using an
ultrasonicator.
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Determination of Biochemical Constituents

The biochemical constituents determined in 30-day-old
plants were as follows: chlorophylls a and b, entirety chlo-
rophyll, entirety carbohydrates, and entirety proteins [12].
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Fig.6 Antimicrobial susceptibility testing for pathogenic organisms
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Fig. 7 The effect of different nano-fertilizer concentrations on the pigments of Vigna radiata

Statistical Analysis Results and Discussion

All tests were conducted in triplicate for each sample. The  Ultraviolet-Visible Spectroscopy Analysis

findings were analyzed using one-way analysis of variance

and expressed as means and standard deviations. The NP formation was further examined using UV—Visible
spectrophotometry. The UV peaks detected by the spectro-
photometer are presented in Fig. 2. The highest peak for sea-
weed-based ZnO NPs was observed at 298 nm. In general,
all oxides show broad band gaps but shorter wavelengths,
which indicates the conventional ZnO absorption pattern.

Table 1 Effect of various concentrations of biosynthesized ZnO nano-fertilizer and growth of Vigna radiate

S.No  Parameters Control Nano-fertilizer concentration
5 mg/L 10 mg/L 20 mg/L 40 mg/L 80 mg/L 160 mg/L

1 Germination (%) 65+1.47 76+1.50 77+1.88 97 +2.68 80+2.14 82+1.82 78+2.52
2 Total Plant Height (cm) 27+1.23 29+1.36 32+1.11 38+1.87 35+1.76 36+1.70 31+2.30
3 Shoot Height (cm) 17+2.03 18+1.20 19+2.71 23+1.26 21+1.39 20+0.92 14+3.09
4 Root Height (cm) 5.30+1.96 6.12+2.90 6.89+1.80 9.01+2.14 724+193 822+231 620+1.77
5 Total fresh weight (gm) 20+1.79 22+2.74 23+1.48 28+1.91 25+1.88 26+1.81 24+2.29
6 Shoot fresh weight (gm) 13+0.55 15+1.42 17+£2.56 19+2.80 16+2.75 14+1.04 11+1.40
7 Root fresh weight (gm) 2.52+1.90 2.99+0.98 343+140 514+1.70 392+1.62 4.12+1.76 3.11+1.94
8 Total dry weight (gm) 5.12+1.06 5.89+2.32 409+271 560+1.19 479+280 438+1.18 3.52+1.10
9 Shoot dry weight (gm) 4+1.82 422+1.18 474175 671x170 513+146 547+1.84 3.15+0.80
10 Root dry weight (cm) 0.35+0.09 0.76 +£0.99 080+1.09 098+1.03 084+1.15 0.79+0.80 0.56+0.13
11 Number of branches 6+1.76 8+2.46 7+0.90 14+1.21 9+1.12 10+1.33 5+1.68
12 Leaf area (cm?) 7.2+1.66 7.10+1.62 734+1.82 8.12+240 790+2.08 6.74+2.84 6.02+1.15
13 Number of pods 20+1.71 17+£2.05 23+1.69 47+2.07 21+1.99 18+2.72 19+1.29
14 Length of pods 12.6+2.10  11.50+2.72  13.04+2.35 20.7+2.61 14.5+2.55 12+0.89  13.1+1.59
15 Weight of pods 9+1.30 7+1.29 31+2.09 42+2.02 29+2.42 17+1.60 21+1.17
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Fig.8 The effect of different
concentrations of biosynthe-
sized ZnO nano-fertilizer on the
development of Vigna radiata
on the 3rd day of germination
and 60th day in a field trial

5 mg/L-7gm 10 mg/L - 31 gm

Furthermore, nanoscale materials tend to have even shorter
wavelengths. This observation is in line with the findings of
this study [14].

XRD Analysis

Figure 3 shows the X-ray diffraction (XRD) pattern the ZnO
NPs, which clearly demonstrates the widening lines of the
XRD peaks, thus showing the nanoscale range of the thus-
generated particles. The Miller index planes for the XRD
peaks at 31.6, 33.8, 35.3, 47.4, 56.2, 63.5, 66.3, 68.2, 69.4,
73.2, and 78.6° were indexed as follows: (100), (002), (101),
(102), (110), (103), (200), (112), (201), (004), and (202).
These findings show that the peaks observed in the XRD
pattern spectrum (JPCDS card number 36-1451) were con-
sistent with the previous reports, indicating the hexagonal
crystal structure of the NPs [15, 16]. All distinctive peaks of

20 mg/L—42 gm

40 mg/L - 29gm 80 mg/L-17gm 160 mg/L—21 gm control — 9 gm

the NPs were identified as being unique, which shows that
there were no contaminants in them. The Debye—Scherrer
formula was used to calculate the diameter of the crystal-
lites, which was found to be around 26 nm, and based on
Bragg’s diffraction angle and full width at half-maximum
of stronger peaks corresponding to 101 planes present at
position 35.3°, the average size of crystallites was found to
be 38.24 nm. The indexation supports the findings of prior
reports showing the typical hexagonal wurtzite structure of
ZnO NPs (JCPDF file no. 00-036-1451) [17].

FT-IR Spectroscopy
The FT-IR analysis of the NPs showed peaks at 3621, 3122,
1712, 1256, 998, and 524 cm1 (Fig. 4). The wide peak at

3621 cm™~! was attributable to O—H bending [18]. The peak
at 3122 cm™! was attributable to C—H alkene stretching [19],
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Fig.9 Nano-fertilizers promote plant development

whereas the peak at 1712 cm™! was attributable to C=0

vibration stretching [20]. The bands at 1256 cm~! showed
the presence of the C—O—C group [21]. In addition, the
bands at 998 cm™! were attributable to C—C stretching vibra-
tion [22]. The peak at 524 cm™! may be attributable to ZnO
stretching vibrations due to the presence of metal-oxygen
[23].

FE-SEM with EDX

The morphology of the NPs was analyzed using FE-SEM.
As presented in Fig. 5a, the NPs showed a semispheri-
cal shape and highly agglomerated state. This shows the
homogenous state of the NPs, which is crucial to the various
functions they perform. The NPs ranged in size from 29 to
41 nm. The increase in NP size was attributable to their over-
lapping with one another. Spherical to hexagonal NPs were
observed, with a grain size of 34.5 nm. A plot of the particle
distribution of the NPs is presented in Fig. 5c. EDX analysis
was used to analyze the composition and purity of the NPs.
Only the presence of Zn and O was observed, as shown in
Fig. 5b. A comparison of the particle sizes observed in XRD
patterns confirmed NP synthesis. These findings are consist-
ent with previous publications [17, 24].

Determination of Antimicrobial Properties
The antimicrobial activity of the NPs was evaluated
against various pathogens such as Xanthomonas phaseoli,

Colletotrichum lindemuthianum, Cercospora canescens,
Rhizoctonia bataticola, and Ascochyta phaseolorum, of the

@ Springer
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Pesticides

Composition of ZnO

synthesized ZnO NPs were assessed. In contrast to plant
extract, zinc acetate, and gentamycin — all suppressed the
growth of the tested bacterial strains—ZnO NPs showed a
broad spectrum of antibacterial activity (Fig. 6). Inhibition
zones against X. phaseoli were most prominent (24 mm),
followed by those against C. lindemuthianum (21 mm), C.
canescens (20 mm), A. phaseolorum (18 mm), and R. bata-
ticola (16 mm).

Antibiotic resistance is a significant challenge that affects
both developing and developed countries, in turn affecting
a significant proportion of the global environment. The
increasing spread of diseases with multiple drug resistance
has had a significant impact on current herbicide therapy.
The search for novel sources of antimicrobials has been
expanded to include seaweed-mediated NMs, which have
a wide range of bioactive chemicals with well-established
curative potential [25, 26]. Environmentally friendly tech-
niques for synthesizing metal NPs have shown significant
progress of late. While seaweed extracts serve as both cap-
ping and reducing agents in NP synthesis, seaweed extract
phytochemicals have also attracted major interest in NP
synthesis.

Abdelhakim et al. [27] proposed that the antimicrobial
activity of NPs is usually attributable to the high effective-
ness of NPs in restricting cell growth due to an increase
in the formation of reactive oxygen species (ROS). ROS
are responsible for ZnO NPs’ ability to limit bacterial and
fungal growth, as reported in a recent study by Keerthana
et al. [24]. They reported that ZnO NPs may form ROS in
aqueous suspensions. NPs can interact effectively with both
the cell membrane and cell wall, resulting in the leakage
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proteins, genetic material, and minerals, ultimately leading
to cell death [28, 29].

Potted Planting Examinations

A previous study on potted planting in green gram plants
using various concentrations of nano-fertilizers reported
that all biochemical components in plants had grown at
the 30-day stage (Fig. 7). Plants subjected to 20 mg/L NPs
showed the highest biochemical contents. At the 60-day
stage, the 20 mg/L concentration showed the highest level of
seed sprouting, root diameter, length of shoots, fresh shoot
weight, whole dry mass, quantity of twigs, number of pods,
and area of leaves. In addition, the lowest values for the
above parameters were observed for the 160 mg/L concen-
tration. In line with these findings, analysis of ladies’ finger
and cluster bean plants given a starting fertilizer showed that
increasing Zn concentration (20 mg) in seeds significantly
enhanced the Zn content in roots and shoot elongation [24,
28]. In addition, Zn priming effectively enhanced seed ger-
mination and seedling development.

Various parameters such as shoot length, root length,
plant height, total dry weight, the number of branches, and
the number of pods are presented in Table 1. Significant
improvements were observed in the growth metrics of seeds
primed using ZnO NPs, such as seed germination (97%),
root height (9 cm), total plant height (38 cm), shoot height
(23 cm), total fresh weight (28 gm), root fresh weight (5
gm), shoot fresh weight (19 gm), total dry weight (5.60
gm), root dry weight (0.98 gm), shoot dry weight (6.71 gm),
leaf area (8.12 cm), number of pods (47), length of pods
(20 cm), weight of pods (42 gm), and number of branches
(14), (Table 1; Fig. 8). Keerthana et al. [24] and Rexlin et al.
[28] reported similar findings, who observed that ladies’ fin-
ger and cluster bean seedlings treated with a low concentra-
tion (20 mg/L) of ZnO NPs-based nano-fertilizers promoted
plant growth. However, tomato seedlings exposed to differ-
ent concentrations of ZnO NPs showed a substantial increase
in seed germination rate, root weight, and shoot weight [29].

Due to the low absorption efficiency of traditional ferti-
lizers, they should be administered in considerable quanti-
ties. The two primary constraints with fertilizers based on
phosphorus and nitrogen are their low efficiency in absorb-
ing nutrients and rapid transformation into forms that plants
cannot use [30]. These aspects are harmful to the land and
the ecosystem as they increase the production of hazard-
ous greenhouse gases and eutrophication. In nano-ferti-
lizers, nutrients are released gradually, which is beneficial
in improving the efficiency of nutrient usage without any
adverse effects. These nano-fertilizers are designed to slowly
release nutrients and to significantly reduce nutrient loss,
hence ensuring environmental safety [31]. Not only are tradi-
tional fertilizers expensive but they also have adverse effects

on people and the environment; however, nano-fertilizers
preserve soil health and increase agricultural output [32].
Nano-fertilizers promote plant development through both
direct and foliar application techniques (Fig. 9). They are
the most efficient solution for preventing eutrophication and
microbial infections and improving nutrient usage efficiency.

Conclusion

These results showed that ZnO NPs can be synthesized from
seaweed extract in a straightforward, affordable, and envi-
ronmentally responsible manner. The NPs thus synthesized
were investigated for their optical, structural, elemental, and
morphological parameters using XRD, UV-Visible spec-
troscopy, FE-SEM with EDX, and FT-IR. XRD showed
tetragonal-shaped wurtzite ZnO NPs and indicated that the
seaweed extract comprised various biological elements that
decreased the number of ZnO NPs and rendered them more
stable. Along with the EDX data, the findings of FE-SEM
revealed that the NPs were spherical and pure, ranging in
size from 25 to 35 nm. In conclusion, ZnO NPs with high
disease resistance and promising potential as nano-fertilizers
can be used in the cultivation of green grams.
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