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Objective: Zinc oxide nanoparticles (ZnO-NPs) have attracted considerable attention due
to their antioxidant properties and agricultural applications. Green synthesis using plant
extracts provides an eco-friendly approach that reduces toxic compounds and improves
nanoparticle stability. This study aimed to synthesize ZnO-NPs using Valeriana
officinalis L. extract and evaluate their effects on the morphological and biochemical
characteristics of safflower (Carthamus tinctorius L.).

Method: ZnO-NPs were synthesized using an aqueous extract of V. officinalis and
characterized by particle size analysis (PSA) and atomic force microscopy (AFM). Foliar
applications at 0, 10, 100, 500, and 1000 mg/L were performed in a randomized complete
block design. Morphological traits, photosynthetic pigments, and defensive enzyme
activities were subsequently evaluated.

Results: Spherical nanoparticles with sizes ranging from 50 to 100 nm were successfully
formed. Stem and leaf lengths increased over five weeks; however, differences in stem,
leaf, and root lengths compared with the control were not significant (P>0.05). Fresh
weight decreased significantly by 27.8% at 100 mg/L (P<0.05). The 1000 mg/L treatment
significantly reduced chlorophyll a, chlorophyll b, and carotenoid contents (P<0.05).
Guaiacol peroxidase activity decreased significantly at 100 and 500 mg/L (P<0.01), while
dehydrogenase activity declined at 500 mg/L (P<0.05). Changes in polyphenol oxidase
activity and malondialdehyde content were not significant.

Conclusions: Safflower responses to green-synthesized ZnO-NPs were concentration-
dependent. Higher concentrations inhibited photosynthetic pigments, whereas
intermediate concentrations affected specific enzymatic pathways. Therefore,
determining an optimal concentration is essential for the safe and effective application of
ZnO-NPs in sustainable agriculture.
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Introduction

Zinc oxide nanoparticles (ZnO-NPs) have received increasing attention in agricultural
research because of their potential effects on plant growth, nutrient utilization, photosynthetic
performance, and physiological responses. However, their effects on plants may vary
depending on nanoparticle concentration, physicochemical characteristics, exposure duration,
application method, and plant species. Therefore, determining an appropriate concentration is
essential before ZnO-NPs can be safely applied in agricultural systems.

Green synthesis provides an environmentally compatible alternative to conventional
nanoparticle synthesis methods. Plant extracts contain several bioactive compounds,
particularly phenolic compounds and flavonoids, which can participate in nanoparticle
formation and stabilization. Valeriana officinalis L. is a medicinal plant containing various
biologically active compounds and may therefore serve as a suitable biological source for
green nanoparticle synthesis.

Safflower (Carthamus tinctorius L.) is an important oilseed and medicinal crop with
considerable agricultural value. The present study aimed to synthesize ZnO nanoparticles using
an aqueous extract of V. officinalis flowers, characterize the synthesized nanoparticles, and
investigate their effects at different concentrations on morphological traits, photosynthetic
pigments, lipid peroxidation, and selected enzymatic activities in safflower plants.

Method

For green synthesis of ZnO-NPs, 15 g of dried V. officinalis flowers were ground and mixed
with 100 mL of distilled water. After heating for 5 min, the extract was filtered. Zinc acetate
was used as the precursor, and 1.83 g of zinc acetate prepared in a final volume of 50 mL was
added to the plant extract at a ratio of 1:10. The mixture was kept in darkness for 15 min until
a color change was observed. The resulting suspension was centrifuged at 12,000 rpm for 20
min, and the precipitate was washed three times with double-deionized water.

Particle size was evaluated using a Particle Size Analyzer (PSA), while Atomic Force
Microscopy (AFM) was used to examine nanoparticle morphology and dimensions and to
support the PSA findings.

The greenhouse experiment was conducted in a randomized complete block design. Safflower
plants were treated with foliar applications of ZnO-NPs at 0, 10, 100, 500, and 1000 mg/L. Six
pots were used for each treatment, with one plant maintained in each pot. Greenhouse
conditions were approximately 23 °C and 38% relative humidity. The first foliar treatment was
applied at the two-leaf stage, followed by two additional applications at 14-day intervals.
Stem and leaf lengths were recorded weekly for five weeks. At the end of the experiment, root
length and fresh weight were determined. Chlorophyll a, chlorophyll b, and carotenoid contents
were measured spectrophotometrically following extraction with 80% acetone. The
biochemical responses were evaluated by measuring polyphenol oxidase (PPO), guaiacol
peroxidase (GPX), and dehydrogenase activities. Malondialdehyde (MDA) was also
determined as an indicator of lipid peroxidation.

Statistical analyses were performed using SPSS version 26 and GraphPad Prism version 10.4.2.
Tukey's test was used for one-way analyses and Bonferroni's test for two-way analyses.
Differences were considered statistically significant at P < 0.05.
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Results

The formation of ZnO nanoparticles was initially indicated by a change in the reaction mixture
to a brown color. Particle-size analysis showed that the highest particle frequency occurred in
the 40-50 nm range, accounting for approximately 16.7% of the particles. Approximately 97%
of the synthesized particles were smaller than 100 nm. AFM analysis showed nanoparticles
mainly within the 50-100 nm range, confirming the PSA results. Some localized aggregation
was also observed, possibly due to agglomeration during sample preparation and centrifugation.
Morphological measurements showed that most growth characteristics were not significantly
affected by ZnO-NP treatments. Mean root length was 47.52 + 10.14 mm. Treatment with 100
mg/L reduced root length to approximately 40.1 mm, corresponding to a 15.6% decrease
compared with the control; however, this reduction was not statistically significant (P > 0.05).
Fresh weight showed a significant response at 100 mg/L. Control plants had a fresh weight of
approximately 0.61 + 0.08 g, whereas plants treated with 100 mg/L ZnO-NPs had a fresh weight
of 0.44 £ 0.14 g. This represented a significant 27.8% reduction compared with the control (P
< 0.05). No statistically significant differences were detected at the other concentrations.

Stem length increased progressively throughout the five-week period, from an overall mean of
37.74 £ 9.87 mm in the first week to 97.11 + 11.04 mm in the fifth week. Plants exposed to
1000 mg/L generally showed the greatest stem elongation, but the differences among treatments
were not statistically significant (P > 0.05).

Leaf length showed a similar temporal pattern. Mean leaf length increased from 21.11 + 2.71
mm in the first week to 61.73 £ 5.67 mm in the fifth week. No significant differences in leaf
growth were detected among ZnO-NP concentrations compared with the control.
Photosynthetic pigments were more sensitive to nanoparticle exposure, particularly at the
highest concentration. Chlorophyll a showed a slight increase at 10 mg/L, whereas treatment
with 1000 mg/L caused a pronounced and statistically significant decrease. Chlorophyll b was
also significantly reduced at 1000 mg/L compared with the control. Similarly, carotenoid
content decreased markedly at 1000 mg/L. These findings indicate that high concentrations of
ZnO-NPs may adversely affect the photosynthetic pigment system of safflower.

Biochemical analysis revealed different concentration-dependent responses among the
measured enzymes. PPO activity increased by approximately 12.2% at 500 mg/L and decreased
by approximately 43.6% at 1000 mg/L compared with the control. However, none of the
changes in PPO activity were statistically significant (P > 0.05).

GPX activity was significantly reduced at intermediate nanoparticle concentrations. A
reduction of approximately 69.6% was observed at 100 mg/L compared with the control (P <
0.05), while treatment with 500 mg/L resulted in an approximately 80.7% reduction (P < 0.01).
No significant differences were detected at 10 or 1000 mg/L.

MDA content increased by approximately 33.3% at 100 mg/L and decreased by approximately
21.0% at 1000 mg/L compared with the control. However, the differences in MDA content
among treatments were not statistically significant (P > 0.05), indicating that nanoparticle
exposure did not result in a statistically detectable change in lipid peroxidation under the
experimental conditions.

Dehydrogenase activity showed its highest level at 10 mg/L, corresponding to an approximately
11.1% increase compared with the control. At higher concentrations, enzyme activity tended to
decline. The greatest reduction was observed at 500 mg/L, where dehydrogenase activity
decreased by approximately 33.3%; this decrease was statistically significant (P < 0.05).
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Conclusions

The results demonstrate that the response of safflower to green-synthesized ZnO-NPs was
strongly dependent on nanoparticle concentration. Morphological traits such as stem length,
leaf length, and root length were relatively unaffected by the treatments, as no statistically
significant differences were observed. Although the highest ZnO-NP concentration was
associated with greater numerical stem elongation, this response was not statistically significant
and therefore should not be interpreted as definitive evidence of growth stimulation.

In contrast, fresh biomass and photosynthetic pigments were more sensitive to nanoparticle
exposure. The significant reduction in fresh weight at 100 mg/L demonstrates that ZnO-NPs
can affect biomass accumulation even when changes in linear growth parameters are limited.
More importantly, the significant decreases in chlorophyll a, chlorophyll b, and carotenoids at
1000 mg/L indicate that high nanoparticle concentrations may interfere with pigment
metabolism and photosynthetic function.

The enzymatic responses were also selective rather than uniform. PPO activity remained
statistically unchanged, whereas GPX activity was significantly reduced at 100 and 500 mg/L
and dehydrogenase activity was significantly inhibited at 500 mg/L. In contrast, MDA content
did not change significantly, suggesting that changes in enzymatic activities and photosynthetic
pigments were not accompanied by a generalized increase in lipid peroxidation.

Overall, the green synthesis method successfully produced ZnO nanoparticles predominantly
within the nanoscale range. Foliar application of these nanoparticles induced concentration-
dependent morphological and biochemical responses in safflower. High concentrations,
particularly 1000 mg/L, showed potential phytotoxic effects on photosynthetic pigments, while
intermediate concentrations affected specific enzymatic pathways.

These findings emphasize the importance of determining an optimal concentration before the
agricultural application of ZnO-NPs. Further studies should investigate nanoparticle uptake and
translocation, their molecular mechanisms of action, long-term effects on plant growth and
yield, and their behavior under different environmental conditions to establish safe and effective
applications in sustainable agriculture.
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Figure 1. Safflower plant planted in 6 replicates
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Figure 2. Color change of a solution containing zinc oxide nanoparticles to brown
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Table 1. Morphological measurements of root length, weight and chlorophyll content

CV % SD Mean Max Min N ;
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Figure 6. Fresh weight of safflower plant at Figure 5. Root length of safflower plant at

concentrations of 0, 10, 100, 500 and 1000 mg/I concentrations of 0, 10, 100, 500 and 1000 mg/I
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Figure 7. Measuring the chlorophyll content of safflower plants (Formula 1)
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Figure 8. Measuring the chlorophyll content of safflower (Formula 2)
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Figure 9. Measuring the chlorophyll content of safflower (Formula 3)
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Table 2. Descriptive statistics of morphological measurements of stem length
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Figure 10. Diagram of morphological studies of safflower plant stem length over five weeks at concentrations of
0, 10, 100, 500 and 1000 mg/I
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Table 3. Descriptive statistics of morphological measurements of leaf length
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Figure 11. Diagram of morphological studies of safflower leaf length over five weeks at concentrations of 0, 10,
.100, 500 and 1000 mg/l
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Figure 13. Diagram of measuring the enzymatic
activity of guaiacol peroxidase at concentrations of 0,
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Figure 12. Measurement of the enzymatic activity of
polyphenol oxidase at concentrations of 0, 10, 100,
500 and 1000 mg/I
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