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Dolichandrone spathacea in sustainable agriculture: a new approach for
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?;ﬁjgté‘ég 2024 The hazardous heavy metal ion Cr(VI) is harmful and easily mobile in the
Published Onlie: environment. Cr(VI) poisoning can cause delayed seed germination and damaged
February 15, 2024 plant growth. This study suggested a green and simple synthesis method of ZnO
microparticles (ZnO MPs) from Zn(CH;COO), solution and aqueous leaf extract of
Dolichandrone spathacea (L. f.) K. Schum for protecting the legume plant (Vigna
radiata) against the Cr(V1) stress. The optimized conditions for the synthesis of these
MPs were determined using computational and experimental approaches. The
characterization of ZnO MPs was analyzed by surface morphology, particle sizes, and
elemental components using modern methods. The Zn MPs successfully exhibited the
potential protective effects on the seed germination and seedling vigor of V. radiata
under Cr(VI) stress. The results of PPR and ABTS assays also indicated that the
antioxidant capacity of non-enzymatic antioxidants from leaves under Cr(VI) stress
significantly reduced (46.83 + 1.938% and 69.60 + 2.17%, respectively) as compared
to supplement of ZnO-MPs increased (55.44 + 2.624% and 78.07 + 0.820%,
respectively). This study is an essential report for the agricultural field, which can
apply further the new and green zinc-micronutrient fertilizer to mitigate the adverse
effects of heavy metal contamination on crop cultivation.
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Introduction risk to both human health and ecological systems.

Chromium (Cr) is one such heavy metal that is
In recent decades, the development of industry and widely present and highly toxic in wastewater and
the rising population have led to the release of soil (Choppala et al., 2013). In aqueous systems, Cr
various heavy metals into the environment, creating a can exist in two forms - trivalent and hexavalent
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oxidation states, both of which have different levels
of toxicity. Trace amounts of Cr(lll) are relatively
safe and even essential for plant growth in regulating
glucose metabolism (Ali et al., 2023). Cr(VI) is
highly toxic as it is easily mobile in the environment
and can cause cancer in living organisms (Karimi-
Maleh et al.,, 2021). Plants can exhibit signs of
toxicity from Cr(VI), such as delayed seed
germination, damaged roots with decreased
development, decreased biomass, reduced plant
height, impaired photosynthesis, leaf chlorosis, low
grain production, and, ultimately, plant death. The
hindering of mitochondrial electron transport in
Tracheophyta by Cr leads to the increase in the
production of reactive oxygen species and oxidative
stress, as well as changing to pigments and
chloroplasts (Hauschild, 1993). Many studies have
focused on using microorganisms or chemical
reagents to reduce the toxicity of Cr(VI) using
various types of plants for experiment setups, such as
Triticum aestivum, Oryza sativa L. Damini, Zea
mays L., and Vigna radiata, resulting in a reduction
in root length, biomass, gene regulation, and
oxidative responses (Arshad et al., 2017; Cheung and
Gu, 2007; Prakash et al., 2022; Ramzan et al., 2023;
Singh et al., 2021). However, the published processes
for the synthesis of materials are usually complex
and challenging to access for farmers in developing
countries. Therefore, it is currently necessary to
propose a simple method for synthesizing
environmentally benign materials that can protect
plants from hazardous agents of Cr(V1).

Nanotechnology and  microtechnology  have
advanced significantly in various fields that benefit
human welfare (Sun et al., 2020). One of its recent
applications involves the synthesis of 2ZnO
nanoparticles (ZnO NPs) and microparticles (ZnO
MPs) for use in biomedical, environmental treatment,
and catalytic applications (Jin and Jin, 2021; Saffari
et al., 2020). Recently, many methods were
published for the synthesis of ZnO NPs, which
commonly required a calcination step and used a
muffle furnace, which required more energy,
resources, and complex processes (Abdelbaky et al.,
2022; Karam and Abdulrahman, 2022). A more
sustainable, low-energy synthesis method is
necessary, particularly for developing countries.
Based on our knowledge, there has been no
published research on the potential application of
aqueous extract from Dolichandrone spathacea (L.
f) K. Schum for synthesizing ZnO MPs, and not
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many studies have investigated the simplest method
to create the ZnO MPs but still protect plants against
Cr(V1) toxins.

Dolichandrone spathacea (L. f.) K. Schum belongs
to the Bignoniaceae family which is found in
mangrove forests along the coastal regions in some
Southeast Asian countries. D. spathacea has been
used as a traditional medicinal for liver
detoxification, antitumor treatment, antiseptic use,
and treatment of nervous diseases (Thao et al., 2021).
D. spathacea contains several types of secondary
metabolites, such as iridoids, phenolics, saponins,
triterpenoids, and steroids, that have significant
biological effects (Nguyen et al., 2018). These
metabolites could be used as potential reagents for
the green synthesis of ZnO MPs.

Mungbean (Vigna radiata), a crop widely cultivated
in Asia, is ranked third in importance among pulse
crops, trailing only chickpea and pigeon peas (Nair et
al., 2019). It is a short-duration crop, typically grown
under rainfed conditions, and is highly versatile and
suitable for catch cropping, intercropping, relay
cropping, and soil nutrient enhancement. This plant
is often grown in hot climates and marginal lands,
making it moderately drought-tolerant. This
characteristic makes it a valuable crop for studying
how it tolerates different types of stress (Kim et al.,
2015). Recently, it was reported that ZnO particles
could affect the growth of mungbean (Jayarambabu
et al., 2015; Rani et al., 2023), but it is not yet known
how ZnO MPs would affect mungbean under Cr(VI)
toxicity at different growth stages, such as seed
germination and seedling vigor stages.

In this study, green methodology to synthesize ZnO
MPs using the leaf extract of D. spathacea without
the calcination step and the developed response
surface method (RSM) model were performed to
estimate the suitable conditions between the
computational and experimental design. These
particles were evaluated for their ability to protect
legume plants against oxidative stress by Cr(VI)
toxins.

Material and Methods

Plant materials and extraction

The leaves of D. spathacea were collected in Dong
Hai district, Bac Lieu province, Vietnam, and
botanically authenticated by Dr. Pham Ha Thanh
Tung, Phenikaa University, Vietnam. Two kg of
leaves were washed with tap water to remove
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impurities and soaked in sterile distilled deionized
water (SDDW) at room temperature (RT) for 24 h.
The leaves were then air-dried at RT for 24 h and
ground into a powder, stored at 4°C until used. The
powder (8 g) was mixed with 150 ml SDDW and
stirred at 60°C for 1 h. The extract was then cooled,
filtered, and centrifuged at 5,000 rpm for 20 min to
obtain the leaf extract.

Green synthesis of ZnO MPs

Zn0O-MPs synthesis process was investigated under
various conditions, including the rations of leaf
extract and zinc acetate solution (Zn(CHsCOO),)
0.01 M; temperature and reaction time. After the
reaction, the mixture was centrifuged at 5,000 rpm
for 20 min. MPs were then washed several times
with SDDW, dried at 60 °C for 24 h, and weighed
the amount of products. The synthesis condition,
which the greatest amount of ZnO MPs gained, was
chosen to apply for further experiments.

Design of the response surface method

The effects of three independent variables
(Zn(CH3CO0), 0.01 M, temperature, and reaction
time) were examined using the RSM method (Design
Expert v13, USA). The ranges of the independent
variables were set based on the results of wet lab
experiments. According to previously published
works considering the Optimal Custom design, this
optimization under RSM was also applied in this
study (Salahi et al., 2023; Subramani et al., 2020).

Characterization of ZnO MPs

UV-visible  spectrophotometry  (UV-Vis) was
performed using Vis Jasco V730 spectrophotometer.
Fourier transform infrared spectroscopy (FT-IR)
analysis was carried out based on the KBr disks
method using Jasco FT/IR-4600 instrument.
Dynamic Light Scattering (DLS) analysis was
performed using a Horiba SZ-100 nanoparticle size
analyzer. Scanning electron microscopic (SEM)
analysis and Energy-dispersive X-ray spectroscopy
(EDX) were conducted using Hitachi FESEM S4800
and EDX-8100 instruments, respectively.

Seed Germination assay

The seed germination assay was performed following
a previous study with several modifications
(Sanchez-Pérez et al., 2023). The V. radiata seeds
were washed with 70% ethanol for 1-2 min, followed
by immediately rewashing with distilled water. The
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seeds were then soaked under 5% sodium
hypochlorite solution for 30 min before rinsing with
distilled water at least three times. This assay was
then conducted as follows: 50 seeds were placed in
each box and kept at RT for 8 hours of light - 16
hours of darkness cycles for 14 days. The boxes were
sprayed daily with or without 5 mL ZnO-MPs
solution at the concentration of 0, 50, 75, and 100
mg/L and 5 mL K,Cr,0O; solution [Cr(VI)] of 5 mM.
The control treatment was applied with the same
volume of distilled water. The number of germinated
seeds was counted at 5, 10, and 14 day intervals, and
the germination percentage (GP%), germination
index (GI), and mean germination time (MGT) were
calculated according to the following equation:

Number of germination seeds

GP = Total number of seeds x 100 (eq'l)
Gl= %(GU/Tt); MGT = MO0 (o, 2)

Where Gt is the germination percentage at day Tt;
Gt-i is the germination percentage at the observed
time before Tt; Tt is the observed time (Li et al.,
2021; Sarkhosh et al., 2022).

Seedling assay

The seedling assay was carried out as in previous
studies with some modifications (Li et al., 2021;
Sarkhosh et al., 2022). In brief, V. radiata sterilized
seeds were placed at RT with 8 hours of light - 16
hours of darkness cycles for two days for
germination. After that, the seeds containing the
embryo were randomly selected for the following
steps: (i) prepare the seedling pots with 130 g
coconut coir; (ii) 15 embryo seeds were randomly
selected and sowed into the pots; (iii) sprayed daily
with or without of 10 mL ZnO-MPs solution at the
concentration of 0, 50, 75, and 100 mg/L and 10 mL
of 5 mM K.,Cr,0; solution. Distilled water was used
as the negative control. After 10 days, the plants
were harvested, and several morphological indicators
of plants were observed, including stem length (SL),
root length (RL), and fresh weight (FW).

Potassium permanganate reduction assay

The potassium permanganate reduction (PPR) assay
was performed according to the previous report with
some modifications (Kasote et al., 2019). In brief, the
fresh solution KMnO, at a concentration of 80
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mg/mL was prepared using the phosphate buffer pH
9.0. The 2 mL of this KMnQO, solution was added to
each well, which contained the V. radiata leaves (0.1
g) or 1 mL of tannic acid solution at a concentration
of 0.5 mg/mL as a positive control. The mixtures
were incubated in the dark at RT for 30 min. The
absorbance of the mixtures was measured at 525 nm
using the UV-Vis reader (UV Vis Jasco V730). The
percentage of PPR activity was calculated by
comparing the absorbance of the samples to the
negative control.

ABTS radical cation decolorization assay

ABTS radical cation decolorization assay was
performed according to the previous report with
some modifications (Kasote et al., 2019). In brief, the
ABTS solution was prepared from an equal volume
of agueous 7.0 mM ABTS and 2.45 mM K,S,0g
solutions and kept overnight in the dark. 2 mL of this
ABTS solution was then added to each well which
contained the V. radiata leaves (0.1 g) or 1 mL of
tannic acid solution at concentration 0.5 mg/mL as a
positive control. The mixtures were incubated in the
dark at RT for 30 min. After removing the leaves, the
absorbance of the mixtures was measured at 730 nm
using the UV-Vis reader (UV Vis Jasco V730). The
percentage of ABTS radical cation decolorization
activity was evaluated by comparing the absorbance
of the samples to the negative control.

Statistical analysis

Statistically significant p values were established at p
< 0.05 in three different experiments, which were
conducted using analysis of variance (ANOVA) in
the Minitab software.

Results

Synthesis of ZnO MPs

Three factors were chosen to investigate suitable
conditions for synthesizing the ZnO MPs, including
volume ratio of Zn(CH;COO), 0.01 M: leaf extract,
temperature, and reaction time. To understand the
role of the volume ratio of Zn(CH;COO), 0.01 M:
leaf extract in ZnO MPs production, the volume ratio
was tested from 95:5 to 5:95 at temperature 70°C and
a reaction time of 60 min. As shown in Table 1, the
greatest amount of ZnO MPs were obtained when the
reaction condition of volume ratio was 55:45. Based
on this result, the following reactions were set up with
the fixed volume ratio parameter (55:45) while
temperature and reaction time were designed as the
changed parameters. After optimizing these
conditions, the most efficient temperature and time
reaction were suggested at 70°C and 60 min,
respectively (Table 1). Taken together, the parameters
of volume ratio, temperature, and reaction time at
55:45, 70°C, and 60 min, respectively, were applied to
synthesize ZnO MPs on a large scale.

This study observed the wet lab experimental and
theoretical results through the RSM method and
proposed suitable conditions for large-scale synthesis.
As presented in Fig. 1A and Table S1, the RSM model
was suggested as a quadratic equation (eq.3). This
equation could become a potential predictive model to
estimate product quantity (mg) following three
independent factors (A, Zn(CH;COO), 0.01 M; B,
temperature; and C, reaction time).

Table-1. Effects of volume ratio of Zn(CHsCOQ), 0.01 M : leaf extract; temperature and reaction time on

the synthesis of ZnO MPs products

Zn(CH;COOQ), + leaf extract (10 mL) Temperature
No. | Ratio Zn(Cr)ng;I Ps No. | Ratio Zn(Cr)ng;I Ps No. | T(°C) Zn(Cr)ng;IPs
1 95:5 0.0+0.0000" 11 | 4555 3.5+0.3606™° 1 50 2.5+0.2°
2 90:10 1.1+0.4359¢ 12 | 40:60 3.7+0.2000% 2 60 3.2+0.1155°
3 85:15 2.6+0.1528% 13 | 3565 3.4+0.2887%° 3 70 3.9+0.2050°
4 80:20 2.9+0.2517"¢ 14 | 30:70 3.4+0.4359%° 4 80 2.1+0.2646°
5 75:25 2.9+0.1732° 15 | 25:75 | 3.2+0.3606% Reaction time
6 | 7030 | 3.1+01732% | 16 | 20:80 | 2.4+0.2646% | No., | M€ Zn0 MPs
(min) (mg)
7 65:35 3.2+0.3055% 17 15:85 1.7+0.3786™ 1 30 1.6+0.2082"
8 60:40 3.2+0.1732°% 18 10:90 1.9+0.4163°" 2 60 3.9+0.3055°
9 | 55:45 3.9+0.2000° 19 5:95 1.4+0.1732¢ 3 90 3.8+0.0577°
10 | 50:50 3.6+0.2887% 4 120 3.6+0.2517°
Lfﬂcb“’-
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Figure-1. (A) The RSM model's predicted versus experimental SQRT(product); (B) Pareto analysis
showing the contribution of major terms to the product amount response; (C-E) The individual effects of
different variables (Zn(CH3;COQ), 0.01 M, temperature, and reaction time) on the product amount.

Table-2. Effect of ZnO MPs on seed germination
under Cr(VI) stress

SQRT(product) = 0.3804A + 0.1303B — 0.1074C +
0.0021BC —0.0385A% —0.0020B? —0.0002C? (eq.3)

Group GP Tt Gt | GI | MGT Two of the 26 predicted runs with different variable
(%) | (day) | (%) | (%) | (day) combinations had residual values less than 0.01 when
> 92 compared to their actual SQRT(product) values (Fig.
Control 96 10 | 92 3446 | 538 1A and Table S1). Other runs had residuals from -
154 gg 0.3330dt0 0.15337_. Thesg rlesults demonlstrallf[eﬂ tgat t-hﬁ
reduced quadratic model was strongly linked wit
Crevi) 46 12 jg 14.29) 652 these factors. The ANOVA (Table S2) also showed
5 62 that the p-values of the statistical significance of the
Cr(VI) + 64 10 64 12337 | 516 model and all terms were above the 99% confidence
ZnO 50 mg/L 2 | 62 ' ' level. To ensure model confidence, the lack of fit p-
5 70 value (0.1732, non-significant), R? (0.9969), and
Cr(vi) + 70 0 T 70 1 26 | 500 adjusted R2 (0.9958) indicated an appropriate fit to
Zn0 75 mg/L 4 | 70 experimental data. For distinguishing signal and
Crviy+ 5 78 npise, the adequat_e precision value was 16.16_73,
Zn0 100 mg/L 82 10 82 |29.66 | 5.24 higher than the desirable value of 4.0, demonstrating
14 82 the established robustness in the RSM model
5 84 (Bezerra et al., 2008; Makeld, 2017).
Zn0 50 mg/L 94 10 90 |3251 | 5.70 Three parameters' effects were examined using RSM
14 94 one-factor plots and 3D surface plots. Fig. 1B
5 80 indicated that Zn(CH;COO), 0.01 M (A) had the
ZnO75mg/L | 88 10 | 88 |31.09 | 545 greatest impact on product yield, whereas
154 gg temperature (B) and reaction time (C) had less. Figs.
1C-E indicate that the optimal conditions for high
ZnO 100 mg/L | 92 12 g; 3297 | 533 product yield were Zn(CHsCOO), 0.01 M (4.75 mL
~ volume ratio 4.75:5.25), 65°C temperature, and 75
P o
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min reaction time. The product mean value is
estimated as 3.84 mg (95% prediction intervals: 2.92-
4.87 mg). Compared to the expected product amount
(3.64 mg) at 55:45, 70°C, and 60 min, the
experimental product amount (3.9 mg) was within
the 95% prediction interval (2.77—4.61 mg). These
results showed that the RSM model matched
computational and experimental design requirements.
For the interactive and combined effects of the
factors, 3D product surface plots were created. The
predicted ranges for Zn(CH3;COQ), 0.01 M (3.5-6.3
mL volume ratio from 3565 to 6.3:3.7),
temperature (66.3—78.9°C), and reaction time (61—69
min) with a high product value of 3.9-4.3 mg are
shown in Fig. 2. Nevertheless, when using 3D
surface plots on large scales, the standard error
should be considered.

Product {mg)

Product (mg)

2,

o

1 oo g, M 4
- W L™ v
U, ¥ O i oW
e » n\" oy, 2% ! i P
) ° "y '0"0 er .0““
Product (mg) Product (mg)

B: Temperature ('C)
C: Reaction time {min)

0

A: Zn|CH3COO); 0.01 M (mL)

A: Zn(CHICOO), 0.01 M(mL)

Figure-2. The 3D surface plots showing the
interaction effects of Zn(CH;COO), 0.01 M, and
temperature (A), Zn(CH;COO), 0.01 M and
reaction time (B) on the product amount
response.

Characterization of ZnO MPs

The ZnO particles were obtained in different colors
(including white, brown, and black) depending on the
component of the plant extract and the synthesis
method. In previous studies using a calcination step,
ZnO particles were typically obtained in white color
because the high temperature (400-500°C) of this
step could remove all organic components binding on
the surface of products (Abdelbaky et al., 2022;

>
N .. . .
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Karam and Abdulrahman, 2022). Without the
calcination step in this study, the ZnO MPs were
recorded in brown color. The results suggested that
the synthesis process without calcination maintains
the organic compounds from the leaf extract on ZnO
MPs and keeps the benefit of leaf extract when
applied to the ZnO MPs on plants, such as providing
nutrients and enhancing sustainable development.
The surface morphology of ZnO MPs was
determined by FE-SEM analysis. The morphology of
ZnO MPs varied from small nonspherical particles to
big  polyhedral  nanoparticles  with  some
agglomeration in cluster form (Fig. 3A). In addition,
the DLS analysis was applied to clarify the particle
size of ZnO MPs. Data illustrated in Fig. 3B
indicated that the particle size distribution of ZnO
MPs was 1.64 + 0.56 um. These results revealed that
the ZnO products were synthesized in microparticle
sizes according to our simple procedures.

The UV-Vis spectrum was utilized for verifying the
formation of ZnO MPs from the reaction between
Zn(CHsCOO0), and the aqueous leaf extract. The
Zn(CH;COO0), 0.01 M solution did not show any
peak from 250 to 600 nm. In contrast, the maximum
absorption peak of the aqueous leaf extract and ZnO
MPs were obtained at 310 and 290 nm, respectively
(Fig. 3C). Compared with previous studies (Naiel et
al.,, 2022; Rajendran et al., 2021), the UV-Vis
spectrum of ZnO NPs typically displayed the
absorption peak at 350-370 nm, but ZnO MPs was
synthesized in this study showed the absorption peak
at 290 nm. This result indicated that ZnO MPs
products were significantly different from ZnO NPs
from other reports.

FT-IR of ZnO MPs was measured from 400-4,000
cm* range. As shown in Fig. 3D and Fig. S1, the
band of Zn(CH,COO), at 1558 and 1444 cm™ related
to the existence of the C=0 group, while the band at
3115 cm™ and 1017, 953 cm™ could be associated
with the stretching of —OH, and C-O linkage,
respectively (spectrum 1). The bands at 3379, 1613,
1517, 1412, and 1075 cm represented the
characteristic absorption of the stretching of —OH,
C=0 groups, and C-O linkage contained in the
organic compounds of leaf extract, respectively
(spectrum I1).  The FT-IR analysis of ZnO MPs
(spectrum 111) showing no absorption band at 1558,
1444, and 953 cm™ demonstrated that the CH;COO-
group was no longer bound into the surface of ZnO
MPs; the appearance of a strong band at 1060 cm™
also indicated the existence of C-O linkage

6/13



Nguyen-Huan Pham-Khanh et al.

containing in the organic compounds of leaf extract.

Zn(CH,CO0),, 2 mg/mlL
Leaf extract, 2 mg/mL
ZnO-MPs, 2 mg/mL
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Figure-3. Determined the characterization of ZnO MPs using different techniques, including (A) FE-
SEM; (B) DLS analysis; (C) UV-Vis; (D) FT-IR spectra of Zn(CHsCOO), (spectrum 1), the leaf extract of
D. spathacea (spectrum I1), ZnO MPs (spectrum I11); (E) EDX analysis of ZnO MPs.

Besides that, bands at 2917, 2849, and 557 cm™
related to the characteristic absorption of the Zn-O
bond without affecting other functional groups from
leaf extract (Jayarambabu et al., 2015). According to
these results, the synthesis process has successfully
created ZnO MP products by binding organic
compounds into the MP surface. To determine the
elemental component of ZnO MPs, EDX analysis
was carried out. The MPs content Zn and O with
weight % values of 32.99 and 32.82%, respectively
(Fig. 3E). The remaining 34.19% of weight % value
was considered to other elements, including C and P.
These results strongly suggested that ZnO MPs
contained ZnO and organic compounds of aqueous
leaf extract.

Effect of ZnO MPs on seed germination under
Cr(VI) stress

Various concentrations of ZnO MPs (0, 50, 75, and
100 mg/ L) were used to investigate the effect of

8 Asian ] Agric & Biol. xxxx(x).

ZnO-MPs on the germination of seeds exposed with
or without Cr(V1). The Gt of seeds was calculated on
days 5, 10, and 14. Under Cr(VI) stress, GP and Gt
of seeds significantly decreased compared to those
unexposed with Cr(V1) (Table 2). The seeds exposed
to Cr(VI) and ZnO MPs at various concentrations
(50, 75, and 100 mg/L) recorded GP and Gt rising
from 64% to 82% compared to the Cr(VI) exposed
seeds at 46%. The effect of ZnO MPs on seed
germination without Cr stress was also evaluated.
ZnO MPs at different concentrations (50, 75, and 100
mg/L) did not change the Gt and GP of seeds at the
statistical levels compared with the control group.
Overall, after 14 days of germination, the Gl of the
Cr(VI) stress group displayed the lowest values at
14.29% of others, while MGT showed the highest
value at 6.52 days of other groups. According to
these data, the study strongly suggested that ZnO
MPs could protect the seeds against the Cr(V1) stress
through the absorption of Cr(VI) into the MPs
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without any effect on the seed germination process. reduced the RL, SL, and FW values compared to the

control group (Table 3). These values raised with the
Table-3. Effect of ZnO-MPs 100 mg/L on the supplementation of ZnO-MPs at approximately 6.70
root/stem length and fresh weight of V. radiata cm, 19.83 c¢cm, and 206.00 mg compared to the

under Cr stress condition. Cr(VI) stress group, about 4.10 cm, 12.20 cm, and
No. |Group RL (cm) | SL (cm) | Total FW (mg) 113.30 mg, respectively. In addition, the result in
1 |control 1117+ | 2393+ 271.30% Table 3 strongly clarified that RL, SL, and FW
1.026° 0.351° 14.50° values of ZnO-MPs exposure alone were no
2 |erviy 410+ | 13.20+ 113.30+ statistically significant difference compared to
0872" 0.656° 12.06° control group values
3 |Cr(VD+ZnO | 6.70% 19.83+ 206.00+ group '
100 mg/L 0.600° | 0.737° 9.00" o ]
4 1700100 mo/L | 960% 23,57+ 272.00+ Effect of ZnO MPs on the antioxidant capacity of
91 10440 | 0.208 9.07° V. radiata leaves under Cr(V1) stress
Different letters (a, b, and c) presented the statistical results In p|antsy antioxidants p|ay an essential role in

using the Tukey test (p < 0.05).
RL: root length; SL: stem length; FW: fresh weight.

preventing oxidative processes. Therefore, in this
study, the antioxidant capacity of non-enzymatic
antioxidants was evaluated using ABTS radical

CE:frf(i%)c;irfsr;O MPs on V. radiata growth under cation decolorization and KMnQO, reduction methods.

As shown in Fig. 4B, the scavenging activities using
To screen the effect of ZnO-MPs on plant growth, )
the root length (RL), stem length (SL), and fresh ~ A~BTS and KMnO, methods of non-enzymatic

. ; tioxidants from leaves under Cr(VI) stress
weight (FW) under Cr(VI) stress, the seedling antiox o
experiment was observed. As shown in Fig. 4A and significantly diminished (46.83 + 1.938% and 69.60

Table S3, RL, SL, and FW significantly changed + 2.17%, respectively) as compared to the control

under Cr(VI) stress in comparison with the control group .(64'47 * 4'.207% and 8257 + 1.47%,
group. Contrariwise, the phenotypes and biomass of ~ 'eSPectively). Interestingly, the supplement of ZnO-

e ; . . MPs increased the scavenging activities (55.44 *
the plant significantly increased when applied with .
ZnO MPs at different concentrations under Cr stress. 2.624% and 78.07 + 0.820%, respectively) for the

Based on the above screening results, the effect of (z:rg/RA;trefs seedl;}ng géotl;p. Thi’_ ?th“C&t'on 0;
ZnO-MPs 100 mg/L on V. radiata growth under nL-IMIS alone unchanged these activities compare

Cr(VI) stress was performed in three independent to the control group.
experiments. The exposure of Cr(VI) significantly

A 120, B B PPR method
100 B8 ABTS method A

80
60 |

40

Scavenging activity (%)

20

0
Cr(VI) stress - + + -
ZnO-MPs - - + +
Positive ctl. - - - . +

Figure-4. (A) Effect of ZnO MPs on the morphology of V. radiata under Cr(VI) stress. From left to right, the
symbols of plants were the following: control; Cr(VI) only, Cr(VI1) + ZnO-MPs at different concentrations of 50, 75,
and 100 mg/L; ZnO-MPs at various concentrations of 50, 75, and 100 mg/L. (B) Effect of ZnO MPs on the
antioxidant capacity of V. radiata leaves under Cr stress. Tannic acid was used as a positive control. Different letters
(a, b, ¢, d) and (A, B, C, D) presented the statistical results for the PPR and ABTS methods, respectively, using the
Tukey test (p < 0.05).
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Discussion

Cr(VI1) contamination in food chain systems causes
many diseases when accumulated in living things,
such as malignancy, acute vomiting, and diarrhea,
(Ali et al., 2023). It is necessary to suggest safe and
sustainable ways to decrease toxic Cr(VI) in soil
transferring to food crops without affecting crop
yield. Recently, the application of nanotechnology
and microtechnology in the agriculture field has
focused on enhancing the resistance of plants against
heavy metals as well as reducing the accumulation of
these metals in different plant parts (Basit et al.,
2022; Faizan et al., 2021). Previous reports indicated
that nanomaterials, such as ZnO-NPs, could be used
as surface adsorbents to reduce the accumulation of
metals in plants, as well as nutrients and agents to
enhance gene metabolism (Basit et al., 2022; Prakash
et al., 2022). Nevertheless, the common synthesis
methods of ZnO-NPs required a muffle furnace to
carry out the unsustainable calcination step for
farmers. Therefore, the primary objective of this
study was to propose a simple, inexpensive,
nontoxic, and sustainable energy method for ZnO-
MPs synthesis. Another main purpose of this study is
to investigate whether the ZnO-MPs ameliorated
Cr(V1) stress in legume plants (V. radiata).

Green synthesis of brown color ZnO-MPs was
achieved by the reaction between Zn(CH;COO),
solution and the aqueous leaf extract of D.
spathacea. According to previous studies, the
formation of ZnO particles is usually recorded with a
white color because the calcination step removed all
organic components binding on the surface of
products (Abdelbaky et al.,, 2022; Karam and
Abdulrahman, 2022). On the contrary, without the
calcination step, the ZnO MPs were obtained at
brown color, and organic compounds from the leaf
extract were still bound on ZnO MPs and maintained
the advantages of leaf extract on MPs. Based on the
FE-SEM and DLS results, the surface morphology of
ZnO particles had small nonspherical particles to big
polyhedral nanoparticles with some agglomeration in
cluster form and particle sizes of 1.64 + 0.56 pm. It
suggested that these products were synthesized in
microparticle sizes. The ZnO-MPs products were
also confirmed using other methods, such as UV-Vis,
FT-IR spectra, and EDX analysis.

In comparison with previous studies (Naiel et al.,
2022; Rajendran et al., 2021), ZnO MPs possess
significantly different characteristics from ZnO NPs.
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Nanosized particles had higher transport in the leaf
interior through stomata than microparticle sizes
(Eichert et al., 2008; Hua et al., 2022; Kumar et al.,
2021). In 2021, Rajput et al. reported that ZnO-NPs
with particle size < 50 nm could induce toxic effects
on the physiological and anatomical indices of
Hordeum sativum L. and the Zn accumulation in
plant tissues derived from ZnO NPs caused damage
to the structural organization of the photosynthetic
apparatus and reduced the photosynthetic activities
(Rajput et al., 2021). Jingli D. also suggested the
phosphorus fertilizer application could reduce the
rice uptake of excessive Zn under Zn-contaminated
soil (Ding et al., 2021). Interestingly, in this study,
ZnO MPs products containing elemental P (8.55%
weight, Fig. 2) proposed the molecular mechanism of
P—Zn interactions. This phosphorus elemental could
contribute to decreasing the plant uptake of excessive
Zn. Taken together, this study successfully
synthesized ZnO MPs to prevent the Zn
accumulation in plants that originated from ZnO
NPs, but it still ensures that ZnO MPs-treated plants
could protect them against the Cr(V1) toxins.

In the plant-growing process, seed germination plays
a vital role in crop yield. This study suggested that
the GP, Gt, and Gl values of Cr-stress seeds
significantly decreased compared to those unexposed
with Cr(V1), while the Cr-stress seeds treated with
ZnO MPs recorded GP, Gt, and Gl values raising
comparison to the Cr(VI) exposed seeds only. Our
finding matched several previous reports about the
role of ZnO particles in enhancing seed germination
under heavy metal stress (Basit et al., 2022; Prakash
et al., 2022). In addition, the seeds treated with ZnO
MPs alone did not change the GP, Gt, and Gl values
compared to the control group. These results
evidenced that microsized particles could enter more
difficultly into seed coat pores than nanoparticles,
leading to non-enhancing of the activities of starch-
degrading and antioxidant enzymes, which increased
germination traits (Basit et al., 2022; Itroutwar et al.,
2020).

Antioxidants have an essential role in preventing the
oxidative processes of plants by counteracting free
radicals such as reactive oxygen species (ROS) and
reactive nitrogen species (RNS),...(Bunaciu et al.,
2012) Antioxidants could be classified based on their
structures, including  enzymatic  antioxidants
[ascorbate peroxidase (APX), catalase (CAT),
glutathione peroxidase (GPX), glutathione reductase
(GR), glutathione transferase (GST), superoxide
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dismutase (SOD)] or non-enzymatic antioxidants
(polyphenols, vitamins, carotenoids,...). Several
antioxidant enzyme genes of plants could be reduced
under Cr(VI) stress, and the expression of these
genes was significantly upregulated during the
addition of ZnO particles (Basit et al., 2022; Prakash
et al., 2022). Therefore, in this study, the expression
of antioxidant enzyme genes of enzymatic
antioxidants from V. radiata leaves under Cr(VI)
stress was not measured again; instead, the
antioxidant capacity of non-enzymatic antioxidants
was evaluated. Our results showed that the Cr(VI)-
stress plants significantly reduced the RL, SL, FW,
and antioxidant capacity of non-enzymatic
antioxidants compared to the control group.
However, these values increased during the Cr-stress
plants treated with ZnO-MPs. Besides, RL, SL, FW,
and antioxidant capacity of non-enzymatic
antioxidants of plants treated with ZnO-MPs alone
were no statistically significant difference compared
to control group values. These phenotypic
visualizations proved that ZnO-MPs could enter less
into the plant system through stomata, root hairs, or
leaf surfaces. The present work further strengthened
studies about ZnO-MPs to absorb other heavy metals in
the environment that pose risks to both human health
and ecological systems with effective and safe aspects
to low-income populations of the tropics.

Conclusion

During the screening processes for green synthesis
conditions of ZnO MPs from Zn(CH3;COO); solution
and aqueous leaf extract of D. spathacea, the
successful and reproducible method was based on
computational and experimental designs. ZnO MPs
were characterized by surface morphology, particle
sizes, and elemental components using modern
techniques (DLS, EDX, FT-IR, SEM, and UV-Vis).
The application of ZnO MPs to protect the legume
plant (V. radiata) against the Cr(VI) stress during
seed germination and seedling vigor of V. radiata
was successfully evaluated. The results demonstrated
that ZnO MPs could enhance the seed germination
stage, plant growth, and antioxidative activities under
Cr(VI) stress. Moreover, it was suggested that ZnO
MPs could enter less into the plant system or seed
coat pores than nanoparticles, leading to decreased
Zn accumulation in plants that originated from ZnO
MPs. This study is an essential report for the
agricultural field and provides new strategies to
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develop the eco-friendly green zinc-micronutrient
fertilizer that reduces heavy metal contamination of
crops.
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