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Being a very simple and cost-effective way to improve crop growth, nanopriming has been widely adopted
as an efficient and advanced technology in agriculture. In recent years, there has been a drive to use green
synthesized metal oxide nanoparticles (NPs) for nanopriming, which promotes an eco-friendly approach to
material synthesis. Among various factors that influence the properties of NPs, annealing plays a critical role
in altering their structural and functional characteristics. However, the role of annealing in optimizing
green-synthesized NPs for effective nanopriming remains largely unexplored. Here, we present the first
report on the effect of annealing on green-synthesized ZnO NPs for effective nanopriming. We analyze
surface morphology, crystallinity, elemental composition, and colloidal stability by varying the annealing
temperature of as-synthesized ZnO NPs. We show that colloidally stable smaller NPs (annealed at 400 °
C) exhibit optimal performance in nanopriming. This finding is supported by practical data showing
a significant improvement in germination percentage (up to 61.7%) and shoot length (up to 85.3%) of
Momordica charantia seeds treated with 120 mg L= of ZnO NP annealed at 400 °C. This study not only
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Introduction

The 2030 Agenda for Sustainable Development highlights the
need for sustainable agriculture to address hunger and global
food demands.'” Feeding a projected 9.8 billion people by 2050
will require a 50% increase in food production from 2012
levels."” However, as global demographics are projected to
increase, projections indicate that the growth of productive
capacity per hectare will be slow.? In recent years, nanomaterials
have emerged as promising tools, offering potential solutions to
these challenges and enhancing crop yield.*® In particular, seed
nanopriming offers promising solutions to improve various
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agricultural practices to increase food production.

aspects of plant growth, suppress diseases, and more.”* Among
various nanomaterials, ZnO has received considerable attention
due to its beneficial effects on plant growth, disease resistance,
crop yield, and secondary metabolism.*** For efficient large-
scale production of high-purity ZnO NPs, two synthesis
approaches have been used: chemical and green synthesis.">*?
Chemical synthesis methods come with significant drawbacks,
including high costs and environmental impacts arising from
the use of harsh chemicals."* Green methods are known for
their biochemical diversity, nontoxic phytochemicals, and cost-
effectiveness that offer advantages over chemical synthesis.”
The biocompounds in leaf extracts, such as flavonoids and
terpenoids, act as reducing and stabilizing agents in the
synthesis of ZnO nanoparticles, offering additional advantages
over chemical methods.**°

The impact of nanomaterials on plant growth is influenced
by their size, morphology, and surface properties. Yeasmin et al.
demonstrated that smaller nanoparticles are more effective in
enhancing plant growth and development.”® Borgatta et al.
found that nanoparticles with uniform structures exhibit
greater efficiency compared to irregularly shaped nano-
particles.** Furthermore, they showed that negatively charged
nanomaterials significantly reduced disease progression and
increased biomass.?” The size, morphology, and surface prop-
erties of green synthesized nanoparticles can be controlled
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through annealing, which decomposes biomolecular coatings.*
Fig. 1 presents a schematic illustration of the green synthesis of
ZnO nanoparticles, both with and without annealing. The green
synthesis of ZnO involves naturally occurring reducing agents,
such as flavonoids, which interact with metal ions, such as Zn**
through their hydroxyl or carbonyl groups to form stable metal-
ligand complexes. These complexes undergo chemical reactions
with dissolved oxygen, leading to the formation of ZnO nano-
particles (see Fig. 1(I)).>**” Flavonoids serve both as reducing
agents that facilitate nanoparticle formation and as stabilizers
that prevent aggregation by coating the nanoparticle surfaces.
Without heat treatment, this coating can result in irregular
shapes and sizes.”® Conventionally, annealing at high temper-
atures enhances crystallinity, which, in turn, increases the size
of nanoparticles.”** However, low-temperature annealing can
yield nanomaterials with reduced size due to the decomposition
of biocompounds, a more uniform morphology, and more
negative surface potentials (see Fig. 1(II)).>**%3* Despite the well-
established significance of size, morphology, and surface
charge optimization for nanopriming, to the best of our
knowledge, the role of annealing in reducing the size of green-
synthesized nanoparticles for enhanced nanopriming efficiency
remains unexplored.

Here, the use of annealing to optimize green-synthesized
ZnO nanoparticles for enhanced nanopriming in agriculture
was explored. To demonstrate the effect of annealing, ZnO
nanoparticles were synthesized using Azadirachta indica (neem)
leaf extract. The leaf extract contains reducing agents, including
phytochemicals and enzymes, which facilitate green synthesis
of ZnO nanoparticles.*” It also acts as a stabilizer, preventing the
agglomeration of nanoparticles.®® Through characterization
techniques to analyze the size, morphology, and surface charge,
we show that annealing of the nanoparticles at temperatures
between 200 °C and 400 °C reduces the size, particularly at 400 ©
C, resulting in the smallest size, the most uniform shape, and
the most negative zeta potential of the ZnO nanoparticles. The
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effects of these nanoparticles on seed germination and seedling
growth in Momordica charantia were assessed. Our study
demonstrates the significant potential of annealed ZnO nano-
particles, especially at a concentration of 120 mg L™ annealed
at 400 °C, in enhancing seed germination by up to 61.7% and
seedling growth by increasing shoot length by up to 85.3%
compared to as-synthesized ZnO NPs. These findings offer
valuable insight into the promising role of ZnO nanoparticles in
sustainable agriculture.

Materials and methods
Materials

The materials used in this study included zinc acetate dihydrate
(zn(CH3CO0),-2H,0) as precursors and sodium hydroxide
(NaOH) as coprecipitant. Zinc acetate dihydrate and sodium
hydroxide were purchased from Sisco Research Laboratories
and Loba Chemie, India, respectively. Deionized (DI) water and
ethanol (C,H;OH) were used as solvents. All chemicals and
reagents were of analytical grade and were utilized as received
without additional purification. The leaves of the neem plant
were collected from the Dhaka University Campus, Dhaka,
Bangladesh.

Methods

Preparation of neem leaf extract. 15 g of neem leaves were
washed thoroughly with plenty of DI water, and both surfaces of
the leaves were sterilized with alcohol by gently rubbing. These
leaves were heated for 2 hours in 100 mL of DI water at 60 °C.**
The extract was then filtered with Whatman filter paper (pore
size: 11 pm). The filtrated extract was stored in a cool and dry
place for further use.

Green synthesis of ZnO NPs. The protocol developed by
Singh et al. was adopted for the synthesis of ZnO nanoparticles,
with further modifications.*® In brief, 10 mL of plant extract was
heated to 35 °C for 10 minutes, followed by the addition of
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50 mL of 1 M zinc acetate solution and 25 mL of 2 M sodium
hydroxide under stirring. An additional 10 mL of sodium
hydroxide was added after 30 minutes, and the mixture was
continuously stirred for approximately 2 hours at 35 °C until
a white precipitate formed. The resulting solution was filtered
using Whatman filter paper. Subsequently, the filtrate was
washed four times with DI water and four times with ethanol.
Each wash cycle involved centrifugation at 5000 rpm for 8
minutes. After drying in an oven at 60 °C for 12 hours, the
product was pulverized for 1.5 hours using a mortar and pestle.
The final powder was divided into four portions and annealed at
200 °C, 300 °C, 400 °C and 500 °C for 2 hours each, then stored
in airtight containers for further experimentation. The samples
were labeled as T-as (as synthesized), T-200 (annealed at 200 °C),
T-300 (annealed at 300 °C), T-400 (annealed at 400 °C), and T-
500 (annealed at 500 °C), respectively.

Characterization of ZnO NPs. The synthesized samples were
characterized using various analytical techniques. X-ray
diffraction (XRD) patterns were obtained using a high-
temperature X-ray diffractometer (model: PW 3040-X'Pert PRO
Philips). XRD analysis used Cu K, radiation (1 = 0.15418 nm) in
a range spanning from 10° to 80°. Morphological analysis was
conducted using field emission scanning electron microscopy
(FESEM), using the “high-resolution FESEM from the ZEISS
Sigma family”. An energy dispersive X-ray analysis was per-
formed using the same equipment. Fourier transform infrared
(FTIR) spectra were obtained using an “IR prestige-21, SHI-
MADZU”, which covers the wavenumber range of 4000 to
400 cm ™. The surface chemistry of the samples was analyzed by
X-ray photoelectron spectroscopy (XPS) using a Thermo Fisher
Scientific XPS spectrometer (7 x 1077 mbar pressure) with
monochromatic Al K, radiation (1486.68 eV). The samples in
powdered form were mixed with ethanol and then drop-cast
onto a 1 x 1 cm slide glass, which was subsequently inserted
into the spectrometer for analysis. Furthermore, UV-vis absor-
bance measurements were conducted using a “UV-2600i UV-Vis-
NIR spectrometer, SHIMADZU”, which covered wavelengths
ranging from 200 to 800 nm. Dynamic light scattering (DLS)
measurements were employed to determine the hydrodynamic
size and zeta potential of the samples using a “Nanopartica SZ-
100, HORIBA”.

Seed treatment with ZnO NP priming solution. ZnO nano-
particle solutions were prepared at various concentrations (60,
120, 250, and 500 mg L~ ') by dispersing the nanoparticles in DI
water and subjecting the solution to 30 minutes of ultra-
sonication. Healthy seeds of bitter gourd (Momordica charantia)
were chosen for the priming treatment. Bitter gourd was
selected due to its characteristic thick seed coat.*® Seeds with an
80% germination rate were obtained as certified seeds from the
Bangladesh Agricultural Development Corporation (BADC). In
the seed priming process, seeds were submerged in the priming
solutions for 48 hours. In contrast, seeds immersed in DI water
were designated as the hydropriming group (control).

The bitter gourd seed germination assay with ZnO nano-
primed and hydroprimed (control) was carried out using the
paper towel technique, according to ISTA guidelines.?” A sterile
tissue paper was placed inside a plastic Petri dish (90 x 15 mm),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and 150 seeds of each test and control were kept in the Petri
dishes. The tissue paper was then moistened with DI water. The
seeds were placed in the dark for germination at a temperature
of 28 = 2 °C. Germination was assessed by monitoring the
emergence of the radicle. Observations were made every 24
hours for a span of ten days. To prevent the seeds from drying
out, 5 mL of DI water was added to each Petri dish every other
day. The number of germinated seeds was recorded daily, and
the length of the seedling shoots was measured under a micro-
scope. The experiment was carried out with three replicates, and
the values were expressed as a mean.

Statistical analysis. A one-way ANOVA was performed on the
treatment samples with three replicates, utilizing IBM SPSS
Statistics version 27 for data analysis. The results are presented
as mean =+ standard error of the mean (SEM). The significance
levels for all measured traits were determined, and means were
compared using a two-tailed independent samples Student's ¢
test. Origin 2021 software was used for data visualization and
graph generation.

Results and discussion
Green synthesis of ZnO nanoparticles

For enhanced performance of nanoparticles (NPs) as seed
priming agents, it is crucial to utilize smaller, uniformly shaped
NPs with superior surface stability.*® Annealing could effectively
reduce the size of the particles, enhance the morphological
uniformity, and improve the stability of the colloids. To inves-
tigate the influence of annealing on size reduction, uniform
morphology, and improved colloidal stability, ZnO NPs were
synthesized using a green synthesis route. A qualitative analysis
of ZnO NPs was performed by visually observing colorimetric
changes.* The neem leaf extract changed from green to white
after 2 hours of exposure to the Zn salt precursor at room
temperature, indicating the bioreduction of zinc ions to ZnO
NPs.*” The color change happened due to the bulk exciton
absorption in ZnO NP.*****! To confirm this, UV-vis absorption
spectroscopy is used (Text S1). Fig. Sla shows the room
temperature optical absorption spectra of as-synthesized ZnO
NPs that exhibit a prominent and distinct absorption peak
centered around 374 nm. This observation is consistent with
previous research findings.** Moreover, the absence of addi-
tional peaks in the absorption spectra further supports the
successful synthesis of pure ZnO powder.*” Continuing our
analysis, energy-dispersive X-ray spectroscopy (EDX) was
employed to confirm the elemental composition of the
constituent atoms and detect if there are any foreign impurity
atoms. The strong signals corresponding to zinc and oxygen in
the EDX spectrum (Fig. S1b) confirm the successful green
synthesis of pure ZnO nanostructures using neem leaf
extract.*** The presence of a carbon (C) peak in the spectrum is
attributed to capping agents such as flavonoids.** A blank
experiment was performed following the described synthesis
procedure, excluding the addition of neem extract. As shown in
Fig. Sic, no characteristic ZnO absorption peak is observed,
confirming that ZnO formation does not occur in the absence of
a reducing agent.

Nanoscale Adv., 2025, 7, 5589-5600 | 5591
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Elemental characterization

X-ray photoelectron spectroscopy. To investigate the surface
electronic structure, composition, and bonding configuration
of the T-400 ZnO NP sample, X-ray photoelectron spectroscopy
(XPS) was conducted. The survey spectrum in Fig. 2a confirmed
the presence of Zn, O, and C in the T-400 sample. The decon-
voluted spectrum in Fig. 2b shows two peaks at 1021 eV and
1044 eV, which were assigned to Zn 2p;/, and Zn 2p,,,, respec-
tively.* This confirms the presence of Zn>* in the oxidation state
and indicates that the capping agents did not alter the chemical
state of ZnO NPs.* The three deconvoluted peaks for O 1s in
Fig. 2c correspond to the O>~ state of ZnO lattice oxygen (at 530
eV), the O~ state of oxygen defects or vacancies (at 532 eV), and
organic oxygen, which was assigned to the capping agents (at
533 eV).***” The signals in the C 1s region of the reference ZnO
shown in Fig. 2d were deconvoluted into C-C, C-O-C, and
O-C=0O0 peaks.*® These peaks confirm the presence of organic
materials, e.g., capping agents, on the NP surface.

Fourier transform infrared spectroscopy. To evaluate the
chemical composition and purity of the as-synthesized and
annealed ZnO NPs, FTIR spectroscopy was conducted at room
temperature. A reference spectrum of Azadirachta indica leaf
extract is used to confirm the presence of bioactive compounds in
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the extract (see Fig. 3a). Fig. 3b displays the FTIR spectra of the as-
synthesized and annealed ZnO NPs. Different bands in the
spectra indicate the characteristic functional groups present in
the material. A relatively wide band observed at 3422 cm ™"
represents the fundamental stretching vibration of the O-H bond
of the hydroxide group or the moisture adsorbed on the surfaces,
which decreases consistently after annealing at higher tempera-
tures.* This band can be attributed to several factors. Firstly, H"
ions in the environment readily interact with O*~ anions within
the ZnO hexagonal lattice, leading to the formation of O-H bonds.
Secondly, residual hydroxyl (OH) groups present in the raw
materials can also contribute to this band through electrostatic
interactions with Zn>" cations.* The peaks in the 415 to 520 cm ™
range correspond to the Zn-O stretching vibration modes, con-
firming the complete transformation of zinc acetate into zinc
oxide.”® In contrast, the medium-intense bands at 1390 cm ™" and
1560 cm™ ' may correspond to the stretching vibrations of the
bonds (-C=0) and (-C=C), respectively.***® These vibrational
bands, associated with functional groups such as (-C=0) and (-
C=C), likely originate from compounds like flavonoids and
terpenoids. These compounds can act as efficient capping and
stabilizing agents for the obtained ZnO NPs.*>* Here, the
decreasing trend of the peak intensity at 1390 e¢m™' and
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Fig.2 XPS spectra of green synthesized ZnO NPs annealed at 400 °C: (a) survey spectrum and high-resolution deconvoluted XPS spectra for (b)

Zn, (c) O, and (d) C in the T-400 sample.
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Fig. 3 FTIR spectra of (a) the leaf extract of Azadirachta indica representing the presence of bioactive compounds and (b) ZnO NPs annealed at
different temperatures. The magnified view (c) of the spectra displays the peak shift of Zn-O due to temperature variation.

1560 cm ' indicates the decomposition of the capping agents
with increasing heat treatment.>

With increasing annealing temperature, the stretching
vibrational frequency of Zn-O bonds shifts to higher values
while remaining within the range of 439-465 cm™". For better
visualization, a magnified view of the spectra of Zn-O bonds
(600-400 cm ™) is shown in Fig. 3c. The band at approximately
449 cm ™ in the as-synthesized sample (T-as) shifts to a higher
wavenumber, around 465 cm ', for T-200. This shift to higher
wavenumbers, along with a decrease in the bandwidth of the
Zn-0O bond compared to the sample as synthesized, indicates
changes in the lattice parameters of the ZnO nanoparticles and
an increase in the crystallite size.”* However, with further
increases in the annealing temperature up to 400 °C, the FTIR
peak shifts to lower wavenumbers, corresponding to a reduction
in particle size. Beyond this, enhanced crystallization causes the
FTIR peak to shift back to higher wavenumbers, from 439 cm ™"
to 449 cm™ ', upon annealing from 400 to 500 °C. This shift
towards higher wavenumbers again reflects changes in the
lattice parameters and particle size. These results are in
corroboration with the results obtained from XRD, and FESEM,
analysis, which will be discussed in the next sections. The
gradual reduction in the intensity of all bands, except Zn-O in
FTIR data, with an increase in the annealing temperature clearly
confirms the enhanced compositional purity of the ZnO nano-
particles with rapid decomposition of bioactive compounds.
The decomposition of biocompounds with increasing anneal-
ing temperature can act as a major factor for the reduction in
particle size, which will be described in further detail in the
FESEM results section."®

Structural characterizations

X-ray diffraction analysis. To examine the phase identity,
crystalline nature, and purity of the synthesized NPs, XRD
analysis was employed. Fig. 4a presents comparative XRD
patterns of the as-synthesized ZnO sample and samples
annealed at 200, 300, 400, and 500 °C. In the as-synthesized

© 2025 The Author(s). Published by the Royal Society of Chemistry

sample (without annealing), diffraction peaks are observed at
20 values of 31.71°, 34.37°, 36.20°, 47.49°, 56.54°, 62.79°, 66.36°,
67.88°, and 68.98°, corresponding to the planes (100), (002),
(101), (102), (110), (103), (200), (112), and (201), respectively. All
the diffraction peaks agree well with that of the hexagonal ZnO
wurtzite structure with the P6;mc space group (JCPDS, No. 36-
1451). Within the detection limits of the XRD technique, no
additional peaks corresponding to secondary phases or impu-
rities are observed, confirming the formation of single-phase
ZnO NPs through the eco-friendly and low-cost green
synthesis route.

As the annealing temperature increases from 200 °C to 400 °©
C, the (101) diffraction peak broadens (Fig. 4b), indicating
a reduction in crystallinity.>* This phenomenon is likely caused
by organic residues from leaf extract, which induce strain
within the crystal lattice.®>* In contrast, as the annealing
temperature increases from 400 °C to 500 °C, the prominent
peaks (100), (002), and (101) show enhanced crystallinity. The
full width at half maximum (FWHM) of the (101) peak decreases
and the sharpness of the peaks improves, reflecting increased
crystallinity and crystallite size.”* These may be the result of the
starting organic precursors having been decomposed at high
annealing temperature, which has been discussed in the FTIR
section.

The mean crystallite sizes (D) are calculated using the Debye-
ﬂ, where k is the Scherrer
Bcosd
constant (typically 0.9), A is the X-ray wavelength (1.54056 A), 0 is
the Bragg angle, and § is the FWHM of the most intense
diffraction peak (101). The crystallite size increases from
25.67 nm for the as-synthesized sample to 28.23 nm for the
sample annealed at 200 °C, confirming improved crystallinity
due to the reduction in FWHM (Fig. 4c). However, as the
annealing temperature increases further, the crystallite size
decreases, reaching a minimum of 22.98 nm at 400 °C, which is
consistent with the observed peak broadening. At 500 °C, the

Scherrer equation,* given by D =

Nanoscale Adv., 2025, 7, 5589-5600 | 5593
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Fig. 4 (a) X-ray diffraction patterns of different ZnO NP samples, (b) XRD peaks at (101) spectra of ZnO NPs synthesized using Azadirachta indica
leaf extract and annealed at different temperatures, highlighting structural changes, and (c) a table containing average crystallite size and FWHMs

of different ZnO NP samples.

crystallite size increases again to 28.07 nm, further validating
the enhanced crystallinity at this temperature. It is also
observed that while the annealing temperature increases from
200 °C to 500 °C, the prominent peak slightly shifted toward
lower diffraction angle (26) values. This slight shift in the
position of the (101) peak reflects the increase in lattice
parameters as thermal annealing increases.*’

The lattice strain (¢) in different ZnO samples is estimated

using Wilson's formula,> given by ¢ = &, where § is the

FWHM and ¢ is the Bragg angle. The calculated strain values,
summarized in Table 1, exhibit a trend consistent with the
crystallite size. Specifically, at 500 °C, the strain decreases with
increasing crystallite size. These findings are in good agreement
with previous observations.*

The dislocation density (6,1 for all samples is estimated

. . 1 . .
using the relation 0py = o where D is the mean crystallite

size.”* Table 1 presents the dislocation density (6191) values at
the peaks (101). A notable decrease in dislocation density is
observed with an increase in the annealing temperature from

Table 1 Structural parameters obtained from XRD analysis of as-
synthesized and annealed ZnO nanoparticles at different temperatures

400 °C to 500 °C. This reduction can be attributed to the
migration of atoms from inside of the crystallites to the grain
boundaries.®® Elevated thermal energy during annealing
promotes the recovery of dislocated atoms at the grain bound-
aries, thus reducing the overall dislocation density.>*

The interplanar spacing (d;0;) corresponding to the domi-
nant (101) peak is calculated using the relation
1 4 K+hk+E P .
Z2°3 X — + 2 where a and ¢ are the lattice
constants of the hexagonal crystal system.** Table 2 compares
the estimated values d;(; for different samples with the stan-
dard JCPDS data, together with the corresponding relative
percentage errors. Among the samples, T-400 exhibits the
largest difference in d;o; (2.47868 A) compared to the JCPDS
data (2.475 A). This deviation, coupled with the slight peak (101)
shift towards higher 26 values observed in Fig. 3c, further
confirms the presence of smaller crystallite sizes in the T-400
sample.

Field emission scanning electron microscopy. To evaluate the
effect of varying annealing temperature on the surface

Table 2 Calculated interplanar spacing for the prominent (101) peak
of the XRD data for different ZnO samples and relative error corre-
sponding to it

Average lattice Dislocation Lattice Interp]anar spacing
strain x 102 density x 10 m2 parameters for (101)
Sample Sample Relative error (%) in
name e 6101 a=>h c name dyrp (A) djceps (A4) interplanar spacing
T-as 0.071134219 1.41192 3.2543 5.2069 T-as 2.478532292 2.47592 0.105507951
T-200 0.065046865 1.09541 3.2542 5.2068 T-200 2.478462602 2.47592 0.102693223
T-300 0.074423221 1.33963 3.2544 5.207 T-300 2.478601983 2.47592 0.108322671
T-400 0.079364849 1.73324 3.2545 5.2072  T-400 2.478682459 2.47592 0.11157302
T-500 0.063001856 0.935039 3.2543 5.2069 T-500 2.478532292 2.47592 0.105507951
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morphologies and sizes of NPs, field emission scanning elec-
tron microscopy (FESEM) imaging was performed. Fig. 5(a-e)
display the FESEM images of the size distribution of ZnO NPs.
The results indicate that higher temperatures promote the
development of NPs with more regular shapes. This morpho-
logical transformation is attributed to the decomposition of
green precursors at elevated temperatures, which facilitates the
formation of pure ZnO NPs with uniform geometries.'® The size
of as-synthesized nanoparticles is larger compared to that of T-
200, which contrasts with the trend observed in the crystallite
size. The size of NPs is mainly influenced by their colloidal
stability rather than being solely dependent on their crystallite
size.”® Due to their lower colloidal stability, T-as nanoparticles
(48.64 nm) exhibited a larger diameter compared to T-200
nanoparticles (41.95 nm). This observation will be further
elaborated upon in the dynamic light scattering (DLS) analysis
section. Furthermore, Fig. 5f demonstrates that the average
diameter of the ZnO nanoparticles decreases from 41.95 to
27.51 nm as the annealing temperature increases from 200 to
400 °C. This trend is likely associated with the gradual removal
of surface-bound phytochemicals at elevated temperatures, as
also suggested by FTIR results. The reduction in organic residue
may improve particle compactness and promote more defined
morphologies.*®* However, beyond 400 °C, a slight increase in
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particle size is observed, potentially due to thermal agglomer-
ation effects, which are common at higher annealing
temperatures.>>*?

Colloidal characterization

Dynamic light scattering (DLS) analysis. To further support the
claim of FESEM results, colloidal stability was analyzed by eval-
uating the results of zeta potential and hydrodynamic size
measurement. The zeta potential values are compiled together
with the hydrodynamic size in Fig. 6. As shown in Fig. 6, the
negative charge on ZnO NP gradually increases with increasing
heat treatment, suggesting reduced agglomeration at elevated
temperatures.®® The as-synthesized ZnO exhibits a relatively low
negative zeta potential of —8.6 mV, while NPs annealed at 400 °C
and 500 °C display significantly higher negative values of
—45.1 mV and —37.8 mV, respectively. The zeta potential
increased with increasing annealing temperature and reached
the optimal value at 400 °C. These results indicate enhanced
colloidal stability for T-400 and T-500, as more negative zeta
potentials promote electrostatic repulsion between particles,
thus preventing aggregation.**>® A plausible explanation for the
observed increase in negative surface charge at elevated
annealing temperatures is the thermal degradation of organic
capping agents or stabilizers (see FTIR results section). This
process likely results in exposure of the nanoparticle surface to
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Fig. 5 SEM micrographs of (a) as-synthesized ZnO NPs, (b—e) ZnO NPs with different annealing temperatures: 200 °C, 300 °C, 400 °C, 500 °C,
and (f) the comparison of particle diameters across different ZnO NP samples. The insets display the magnified view of the micrographs.
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Fig. 6 Hydrodynamic size and zeta potential of ZnO NPs as-synthe-
sized and annealed at 200 °C, 300 °C, 400 °C, and 500 °C.

negatively charged functional groups or molecular fragments,
thereby enhancing the overall negative surface charge. Further-
more, T-200 NPs (—12.3 mV) exhibit greater stability compared to
T-as NPs, which can be attributed to their negative zeta potential
and supports the claim in the FESEM results section.

In addition to the above findings, DLS measurements
provide insight into the hydrodynamic size of the ZnO NPs. At
lower annealing temperatures (200 °C), the large hydrodynamic
size of approximately 504 nm, almost similar to T-as (515 nm),
suggests loosely aggregated nanoparticles, consistent with the
lower negative value of the zeta potential. This happened
because of the low electrostatic repulsion between the particles.
As the annealing temperature increases to 300 °C, the diameter
of the cluster decreases to around 369 nm, indicating particle
disaggregation or shrinkage. The most pronounced reduction
in the size of the cluster occurs at 400 °C, where the hydrody-
namic size reaches a minimum of approximately 253 nm, sug-
gesting the formation of more uniform and smaller
nanoparticles. This is in agreement with the increased negative
zeta potential, which promotes colloidal stability and prevents
further aggregation. However, further increasing the annealing
temperature to 500 °C leads to a slight increase in cluster
diameter to approximately 294 nm, suggesting the onset of re-
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agglomeration or sintering of the nanoparticles, which is
consistent with XRD and FESEM results.

Annealing-dependent performance of ZnO nanoparticles in
seed priming

To investigate the annealing-dependent performance of green-
synthesized ZnO nanoparticles in seed priming, bitter gourd
seeds were treated with varying concentrations of ZnO NPs
(60 mg L™, 120 mg L™, 250 mg L', and 500 mg L") for 48
hours. The results show a concentration-dependent increase in
germination rate and shoot length (see Text S2 and Fig. S2, S3).
Among the concentrations tested, 120 mg L' results in the
most significant improvement in germination (p < 0.001) and
shoot growth (p < 0.001). Therefore, this concentration is
selected for further investigation into the effect of the annealing
temperature on the nanopriming process.

Our results reveal a consistent and gradual improvement in
seed germination and shoot length as the annealing tempera-
ture of the nanoparticles increased. Specifically, bitter gourd
seeds treated with T-400 ZnO NP show a significant increase in
the final germination percentage of 61.7%, 35.7%, 22.6%, and
10.1% compared to those treated with ZnO NPs T-as, T-200, T-
300, and T-500, respectively (Fig. S4a and 7a). Regarding shoot
length, T-400 ZnO NPs resulted in improvements of 85.3% (p <
0.001), 62.5% (p < 0.001), 47.7% (p = 0.001), and 51.6% (p <
0.001) over T-as, T-200, T-300, and T-500 ZnO NP treatments,
respectively (Fig. S4b and 7b). These observations correspond
well with the reduced size with an increased annealing
temperature up to 400 °C. Again, the enhanced performance of
the T-400 ZnO NPs can be attributed to the smaller size (27
nm).”® These findings align with our previous research, where
the smallest NPs showed the highest improvements in germi-
nation and seedling growth, concluding that variations in size
and morphology contribute significantly to greater growth
efficiency.*

Furthermore, nanopriming with T-400 ZnO nanoparticles at
a concentration of 120 mg L™ results in a twofold increase in
both germination percentage and shoot length compared to
hydropriming, demonstrating superior performance relative to
previously reported studies. For example, Mazhar et al. report
a 29% improvement in germination and a 37% increase in
shoot length using 100 mg L' of commercially available ZnO
nanopowder, while Kalathingal et al observe respective
increases of 27% and 50% with 75 mg L™ " of green-synthesized
Ag nanoparticles.®®®* In our earlier study, chemically synthe-
sized ZnO nanoparticles enhance germination by 23% and
shoot length by 40%.*° The superior efficacy of T-400 is
primarily attributed to enhanced zinc uptake during seed
priming, enabled by its smaller particle size, which facilitates
improved penetration through the seed coat and greater
bioavailability of zinc.*>%

To verify the enhanced zinc uptake, we compare ZnO nano-
particle absorption in nanoprimed seeds with hydroprimed
controls using FESEM, EDX (Fig. S5a—f), and atomic absorption
spectroscopy (AAS) analysis (Text S4). FESEM imaging reveals
the presence of nanoparticles embedded within the endosperm

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Influence of green-synthesized ZnO NPs annealed at different temperatures nanopriming on (a) seed germination vigor, and (b) shoot

length dynamics of bitter gourd seedlings using green synthesized ZnO NPs annealed at 200 °C, 300 °C, 400 °C, and 500 °C at 120 mg L™*
concentration. Data are presented as mean =+ standard error of the mean based on an average of 3 sets of replication, as no significant differences
were found among the triplicates containing 30 seeds each, as determined by ANOVA (see Text S3 and Table S1). Statistical differences between
the mean shoot lengths of treatments (various annealing temperatures of ZnO NP priming solutions) compared to the control are denoted by (*,
p < 0.05; ** p < 0.01; *** p < 0.001) according to an independent sample Student's t-test.

of treated seeds (Fig. S5d and e), while the control seeds exhibit
smooth, nanoparticle-free surfaces (Fig. S5a and b). Supporting
this, EDX spectra show that nanoprimed seeds contain 0.64%
zinc compared to just 0.06% in control seeds—indicating over
a tenfold increase in zinc content.®**® Quantitative analysis
using AAS further confirms this trend: the zinc concentration in
nanoprimed seeds reaches levels approximately 14 times higher
than those in control seeds (3.98 ppm). These results validate
that ZnO NP treatment significantly enhances zinc uptake,
providing a mechanistic basis for the observed improvements
in seed germination and seedling development.>®***

Conclusion

This study presents, for the first time, the effect of low-
temperature annealing on green-synthesized ZnO nano-
particles. A nonlinear relationship is observed between
annealing temperature and particle size, with ZnO NPs
annealed at 400 °C (T-400) exhibiting the smallest size, highest
colloidal stability, and superior performance. Nanopriming
with T-400 at 120 mg L' results in a twofold enhancement in
both germination rate and shoot length compared to hydro-
priming. This improvement is strongly linked to increased zinc
uptake and better nanoparticle penetration through the seed
coat, as confirmed by FESEM, EDX, and AAS analyses. Although
the optimal concentration for bitter gourd is consistent, it
might differ for other plant species, indicating a need for
additional research. Our results highlight the crucial role of
thermal tuning in nanoparticle engineering and demonstrate
the promise of green nanotechnology as a sustainable and
effective strategy for enhancing crop productivity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Text S1: Optical studies of ZnO NPs by UV-vis spectropho-
tometer. Text S2: Effect of nanopriming with ZnO nanoparticles
on germination and seedling parameters of bitter gourd seed at
different concentrations. Text S3: A one way ANOVA analysis for
bitter gourd. Text S4: Internalization studies of Zn content in
primed seeds. Fig. S1: Characterization studies of ZnO NPs
synthesized from Azadirachta indica leaf aqueous extract, (a) UV-
visible absorption spectra of the ZnO NPs and (b) energy
dispersive X-ray (EDX) elemental analysis of ZnO NPs. (c) A
blank experiment conducted without neem extract resulted in
no peak for ZnO in UV-vis spectra. Fig. S2: Effect of ZnO NPs
priming on the dynamic of seed germination rate of bitter
gourd. Germination rate for (a) 500 °C, (b) 400 °C, (c) 300 °C,
and (d) 200 °C annealed ZnO NPs at the concentrations of
60 mg L™, 120 mg L', 250 mg L', and 500 mg L™". Data are
presented as means of three replicates containing 30 seeds each
+ standard error of means. Statistical differences between the
mean of treatments (various concentrations of ZnO NP priming
solutions) compared to the control are denoted by (¥, p < 0.05;
¥ p<0.01; ¥** p<0.001) according to an Independent sample
Student's ¢-test. Fig. S3: Effect of ZnO NPs priming on the
dynamic of shoot length of bitter gourd seeds. Shoot length for
(a) 500 °C, (b) 400 °C, (c) 300 °C, and (d) 200 °C annealed ZnO
NPs at the concentrations of 60 mg L™, 120 mg L™, 250 mg L™,
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and 500 mg L™ '. Data are presented as means of three replicates
containing 30 seeds each + standard error of means. Statistical
differences between the mean of treatments (various concen-
trations of ZnO NP priming solutions) compared to the control
are denoted by (¥, p < 0.05; **, p < 0.01; *** p <0.001) according
to an Independent sample Student's ¢-test. Fig. S4: Comparison
of nanopriming results between as-synthesized and annealed at
400 °C ZnO NPs in (a) germination percentage and (b) shoot
length. Fig. S5: FESEM images of bitter gourd seed surfaces and
embryos. (a and b) Control (hydroprimed) seeds, (c) EDX spec-
trum of control seed, (d and e) ZnO NP-treated seeds, and (f)
EDX spectrum of ZnO NP-treated seed. Table S1: p-values ob-
tained from one way ANOVA between triplicates for bitter gourd
nanoprimed at 120 mg L™' concentration with ZnO NPs
annealed at different temperatures. See DOI: https://doi.org/
10.1039/d5na00354g.
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