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Abstract

This study investigated the properties of copper (Cu) and zinc (Zn) nanoparticles (NPs) biosynthesized using the
aqueous extract of moringa. The size and structure of the metal NPs derived from the moringa plant aqueous
extract were confirmed using transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-
ray diffraction (XRD), and Fourier transform infrared spectroscopy (FT-IR). Chlorophyll a, b, total chlorophyll,
carotenoids, proline, and fresh and dry weights of callus were measured. The study aimed to optimize callus
production in chicory by first synthesizing Zn and CuNPs using moringa aqueous extract. The size and structure
of the biosynthesized Zn and CuNPs were then examined using SEM and XRD. Subsequently, the effects of
different concentrations of these biosynthesized Zn and CuNPs on chlorophyll a, b, total chlorophyll, carotenoids,
proline, and fresh and dry weights of callus were evaluated under in vitro culture conditions. Electron microscopy
images confirmed the synthesis of Cu and ZnNPs, which were spherical with average particle sizes of 8 nm and
12 nm, respectively. The highest values for chlorophylls, fresh weight, and dry weight of callus were obtained
with 100 mg/l CuNPs. The highest proline content was achieved with 150 mg/l CuNPs, while the highest
carotenoid content was observed with 100 mg/l ZnNPs. Overall, the use of Cu and ZnNPs demonstrated that the
strongest positive direct effects were on proline (0.708) and callus fresh weight (1.091), whereas the weakest direct
effects, which were negative, were on chlorophyll b (=0.218) and chlorophyll a (—0.605).

Keywords: Green synthesis of metal; Moringa plant; Chicory; Pathway analysis; Tissue culture

Key Message
Green-synthesized Cu and Zn nanoparticles from moringa extract enhance chicory callus growth, pigments, and
proline at optimal 100—150 mg/L doses.

Introduction

Chicory, a medicinal plant with the scientific name *Cichorium intybus* L., belongs to the Asteraceae family and
is native to the Mediterranean region. This plant has been used as a home remedy for various diseases since ancient
times (Singh and Chahal 2018). It is also utilized in indigenous medicine to treat various ailments and possesses
multiple medicinal properties, including antioxidant, antimicrobial, anti-diabetic, anti-inflammatory, prebiotic,
cardioprotective, and immune-boosting effects (Das et al. 2016). Chicory contains compounds such as alkaloids,
inulin, lactones, sesquiterpenes, coumarins, flavonoids, chicoric acid, and vitamins (Street et al. 2013).

NPs are primary particles smaller than 100 nm. Today, nanotechnology stands as one of the most advanced
technologies, permeating all facets of human, animal, plant, environmental, and industrial life. The rise of nano-
innovation has significantly impacted both current and future scenarios, akin to the transformative effects of the
steam engine and the Internet. It has fostered the talent and potential to drive fundamental changes across various
scientific and industrial sectors (Azim et al. 2023). The result of human activities is the introduction of
nanoparticles (NPs) into the environment. There is still no accurate information about the impact of these
substances on the environment and their toxic effects (Largia et al. 2022).
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Studies on the toxicity of NPs in plants indicate disruption in seed germination and plant growth. Available studies
show different reactions of plant species to nano-formulated nutrients. For example, it has been shown that *Linum
usitatissimum* growing in an aqueous environment containing NPs can absorb, translocate, and accumulate
particles in plant tissues (Karimzadeh et al. 2019). On the other hand, cucumber is unable to absorb and transport
NPs (Ghani et al. 2022). Therefore, different plants exhibit varied responses to NPs (Khajeh et al. 2023; Alavi and
Hamblin 2023; Alavi et al. 2022a, b). There are limited reports on the positive effects of nano-fertilizers on the
growth of some plants, including lettuce and sweet pepper (Kalisz et al. 2021), *Stevia rebaudiana* (Javed et al.
2018), wheat (Feng et al. 2022), tomato (Ahmed et al. 2023) and amaranth (Cai et al. 2022). Copper (Cu) is a low-
use but essential element for all higher plants, similar to iron in terms of oxidation-reduction properties and the
formation of highly stable complexes (Ghorbanpour et al. 2021). Divalent copper can be rapidly reduced to
monovalent copper. The important role of copper as a nutrient is due to its participation in the structure of key
enzymes and in electron transfer during oxidation-reduction reactions. Due to its high affinity for forming bonds
with different groups, more than 98-99% of copper exists as complexes in plants (Huang et al. 2019).

Copper toxicity in plants is significant from two perspectives: first, crops are generally highly sensitive to Cu
toxicity; second, Cu accumulation in agricultural soils is a common issue in modern agriculture due to the use of
industrial herbicides and fungicides, as well as the discharge of industrial wastewater and sewage into fields
(Baskar et al. 2018). Copper toxicity affects various physiological and biochemical processes in plants, most
notably photosynthesis, pigment synthesis, protein metabolism, and membrane integrity. Exposure to copper
induces stress, disrupting the plant's water balance. Additionally, copper toxicity can lead to proline accumulation
in plant tissues, a well-documented phenomenon in numerous plant species (Ahmad et al. 2020).

Low concentrations of copper and zinc increase root and shoot growth in *Stevia rebaudiana* (Javed et al. 2018).
During experiments, Zn NPs enhanced root growth compared to control seedlings (Iziy et al. 2019). Copper NPs
(CuO) have recently been recognized as antimicrobial agents. The bactericidal properties of NPs depend on their
size, stability, and concentration used as antibacterial agents (Chung et al. 2019). Highly ionic CuO and ZnO NPs
can be synthesized in crystalline morphologies with high specific surface area (Javed et al. 2018; Abhilash et al.
2023).

The chicory plant (*C. intybus* L.) is an important medicinal plant with valuable secondary metabolites. Chicory
callus serves as a good source for the production and extraction of these metabolites. In this research, changes in
chicory callus were investigated in terms of morphological and biochemical characteristics to identify the optimal
treatment.

Materials and methods

Preparation and disinfection

Chicory plant seeds were procured from Pakan Seed Company in Isfahan and washed under running water for 30
minutes to prepare sterile seedlings. Then, under a laminar hood, they were immersed in 70% ethanol for 90
seconds, followed by treatment with 5% sodium hypochlorite solution containing a few drops of Tween 80 for 25
minutes. Subsequently, the seeds were rinsed twice with sterile distilled water for 15 minutes each and placed on
clean sterile paper until the surface water was completely dry (Koohsari et al. 2020). Finally, the sterilized seeds
were inoculated onto MS basal medium containing 20 g/L sucrose for germination and incubated in a growth
chamber under 16 hours of light and 8 hours of darkness at 25 + 2 °C (Figure 1). After germination and seedling
growth, they were used as a source of explants to obtain callus.
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Figure 1. Preparation of rhizome to obtain callus in chicory plant

Preparation of aqueous extract

First, Moringa (Moringa oleifera) plant leaves were collected from Zabol city with the approval of the Sistan and
Baluchestan Natural Resources Department. The voucher specimen (M. oleifera) was confirmed by Dr. Mehdi
Dehghani from the Department of Biology, University of Zabol, Iran, and assigned the herbarium code
UOZH1512. Then, after washing, the leaves were dried in the shade and milled. The extract was prepared by
adding 20 g of moringa powder to 100 ml of deionized water in a beaker and heating in a water bath at 80 °C for
70 minutes to obtain the primary extract. The resulting blue extract was filtered using Whatman No. 1 paper and
a syringe filter, then stored in Falcon tubes in dark bottles at 4°C (Nikbakht and Pour Ali 2015).

Synthesis of zinc nanoparticles

To synthesize Zn NPs using the green method, 5 g of zinc nitrate was added to 10 ml of the extract, and the solution
was heated to yield a white powder containing Zn NPs. The accuracy of NP synthesis was evaluated using XRD
and scanning electron microscopy (SEM) (Kumar et al. 2013).

Synthesis of copper nanoparticles

Seventy-five milliliters of freshly prepared extract was added to 100 ml of 0.01 M copper sulfate solution with
constant stirring and maintained at 60 °C for 24 hours (Roy et al. 1999). The mixture was then centrifuged at
12,000 rpm for 20 minutes, and this process was repeated twice to remove impurities. The color change from green
to amber-yellow indicated NP formation. The synthesized NPs were dried in an oven at 60 °C for further analysis
(Tahvilian et al. 2019).

Properties of synthesized nanoparticles

Transmission electron microscopy (TEM) analysis was performed at 70 kV accelerating voltage to determine
particle size and shape. A drop of the NPs solution was placed on a copper grid and dried at room temperature by
water evaporation. The size and morphology of Cu and Zn NPs were examined using SEM. Crystalline properties,
structure, and crystal size of CuO NPs were analyzed by XRD using a Rigaku-Miniflex X-ray diffractometer
(Rigaku Corporation, Tokyo, Japan) with Cu-Ka radiation (A = 0.15406 nm) over a 260 range of 20° to 80°. SEM
analysis was conducted using The JEOL JSM5600 system (JEOL Ltd., Tokyo, Japan). For electron microscopy,
the reaction mixture was centrifuged three times at 12,000 rpm for 15 minutes. A few drops of the resulting pellet
were dried on aluminum foil at room temperature, and images were captured. To identify biomolecules responsible
for NP reduction and capping, FT-IR analysis was performed at room temperature using a Nicolet 6700 FTIR
spectrometer.

Preparation of MS culture medium

To investigate the effects of Cu and Zn NPs on chicory callus formation in October 2024, fresh green leaves from
plants in the greenhouse of Zabol University’s Faculty of Agriculture were used as explants. Explants were

3
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disinfected with 5% sodium hypochlorite containing five drops of Tween 23 for seven minutes, then rinsed three
times with deionized water for five minutes each (Mezginezhad et al. 2019). MS medium was prepared by
dissolving 17.215 g of MS powder in 500 ml of deionized water, adjusting the volume to 1 L, and setting the pH
to 8.5 using NaOH or 1 N HCI. One milliliter of 10% ascorbic acid was added. The medium was distributed into
250 ml flasks, supplemented with 1% BAP and 2IP, and 8 g/L agar. Flasks were capped with aluminum foil and
autoclaved at 121 °C and 1.5 atm for 20 minutes under a laminar hood.

After sterilization, leaf explants were cut into uniform pieces and transferred to jars containing solidified medium.
Jars were sealed with parafilm and incubated at 22°C in complete darkness for one month (Mezginezhad et al.
2019). Callus formation occurred after one month, and calluses were subcultured onto medium containing the
treatments for two months.

Callus induction in chicory plant

After 30 + 5 days, when plants had grown sufficiently, leaf samples were prepared and cut into 1 cm segments. To
optimize callus induction, MS medium was supplemented with different concentrations of Cu NPs (0, 100, 150,
and 200 mg/1) and Zn NPs (0, 100, 150, and 200 mg/1) in three replications. Samples were incubated at 25 +£2 °C
under 16 hours light/8 hours darkness.

Traits measurement

The experiment followed a completely randomized design with three replications. Measured traits included
chlorophylls (a, b, total, and carotenoids), proline, and fresh and dry weights of callus. Chlorophyll and carotenoid
contents were determined using the method of Barnes et al. (1992). Half a gram of fresh leaf sample from each
treatment was incubated in 10 ml dimethylsulfoxide (DMSO) at 70 °C for three hours until pigments were fully
extracted and tissue became colorless. Then, 250 pL of extract was diluted with 2 mL DMSO. Absorbance was
measured using a spectrophotometer with pure DMSO as blank. Chlorophyll a, b, total chlorophyll, and
carotenoids were calculated at 663, 645, 480, and 510 nm, respectively, using Egs. (1-4):

Chl a (mg/g. F.w) = 12.7(A663) -2.69(A645) xV/1000xW (1)
Chl b (mg/g. F.w) = 22.7(A645) -4.68(A663) xV/1000x W )
Chl total (mg/g. F.w) = 20.2(A645) -8.02(A663) xV/1000xW 3)
Carotenoids (mg/g. F.w) = 7.6(A480) -1.49(A510) xV/1000xW (4)

where A = absorbance at the indicated wavelength, V = final volume of solution, and W = sample fresh weight.
For proline measurement, 0.1 g of dried sample was ground in a mortar with 10 ml of 3% sulfosalicylic acid. The
extract was filtered and stored on ice. Two milliliters of ninhydrin reagent (1.25 g ninhydrin, 20 ml 6 M phosphoric
acid, 30 ml glacial acetic acid) and 2 ml glacial acetic acid were added to 2 mL of extract. Tubes were heated at
100 °C for one hour in a water bath, then cooled on ice. Six milliliters of toluene was added, and tubes were shaken
vigorously for 15-20 seconds. The upper phase was read at 520 nm using a spectrophotometer. Proline
concentration was determined using a standard curve and expressed as pmol/g (Sena et al. 2024). Fresh and dry
weights of callus were measured using a digital scale with 0.001 g precision.

Statistical analysis

The experiment was conducted in a completely randomized factorial design with three replications. Statistical
analysis began with descriptive statistics to assess data quality. Data were summarized to simplify interpretation.
Duncan’s multiple range test (DMRT) was performed using SPSS software (version 26; IBM Corp., Armonk, NY,
USA) at p < 0.05 to compare means and detect significant differences. Pearson’s correlation coefficients were
calculated to evaluate relationships between traits. Stepwise regression analysis was conducted at p < 0.01 to
identify key traits influencing performance. Path analysis was used to determine direct and indirect effects of traits
in the model, focusing on those explaining the most variation. All analyses (data normality, correlation, stepwise
regression, and path analysis) were performed using SPSS version 26.

Results

Photosynthesis and parameter optimization for the synthesis of Zinc Oxide and Copper nanoparticles

Zinc oxide nanoparticles (ZnO NPs) were synthesized using green synthesis methods, with plant extracts serving
as reducing and stabilizing agents. Cichorium intybus leaf extract was used to reduce zinc nitrate to ZnO NPs
under optimized conditions (pH 9-11, 60-80°C). The formation of ZnO NPs was confirmed by UV-Vis
spectroscopy, showing a characteristic absorption peak at 365-375 nm due to their bandgap energy (~3.3 eV). The
green synthesis approach avoided toxic chemicals, making it environmentally friendly (Figure 2, left). Copper
nanoparticles (Cu NPs) were synthesized via biological reduction using plant extracts such as Ocimum sanctum or
fungi. The reduction of copper sulfate (CuSOa4) to Cu® was monitored by UV-Vis spectroscopy, revealing a surface
plasmon resonance (SPR) peak at 555-570 nm. Optimal synthesis conditions included a temperature of 50-70°C,
pH 7-9, and a 1:4 molar ratio of precursor to extract (Figure 2, right). The following factors influencing ZnO NPs
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and Cu NPs synthesis were then investigated to produce NPs with more uniform morphology and smaller size:
reaction time, extract volume, pH of the reaction solution, and concentration of precursor salt.
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Figure 2. Visible-ultraviolet spectrophotometer spectrum of Zinc oxide nanoparticles (left) and Copper
nanoparticles (right) synthesized with chicory (Cichorium intybus) plant extract.

Properties of synthesized nanoparticles
The size and morphology of synthesized Cu and Zn NPs were investigated using transmission electron microscopy
(TEM) and scanning electron microscopy (SEM). Results showed that Cu and Zn NPs produced via green synthesis
were highly homogeneous and spherical, with average particle sizes of 8 nm and 12 nm, respectively (Figures 3

and 4).

3

Figure 3. Transmission electron microscope image of Cu and Zn NPs synthesized by moringa plant aqueous

extract.

Figure 4. Scanning electron microscope image of Cu and Zn NPs synthesized by moringa plant aqueous extract.
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To assess the purity of the produced NPs, the X-ray diffraction spectrum was examined, and elemental composition
was confirmed through EDX analysis (Figure 5A). The EDX pattern verified the presence of biosynthesized
elements, with copper ions at 60.99%, oxygen at 18.06%, aluminum at 10.55%, silicon at 7.03%, and iron at
3.37%—proportions consistent with those defined during synthesis (Figure SA). The primary contaminants in the
spectrum—oxygen, aluminum, silicon, and iron—are attributed to physical adsorption during sample preparation.
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Figure 5. EDX spectrum of Cu NPs (A) and Zn NPs (B) synthesized by aqueous extract of moringa plant

To assess the purity of the produced Zn NPs, the X-ray diffraction spectrum was examined, and the presence of
zinc metal was confirmed through EDX analysis (Figure 5B).

The presence of double peaks in the FTIR spectra (Figure 6) of Cu and Zn NPs in the 4000-3500 cm™ range
corresponds to stretching vibrations of the O—H group. Double and elongated peaks in the 2800—3500 cm™ region
indicate the presence of metal NPs. Furthermore, absorption peaks in the 500—1500 cm™ region were attributed to
C=0, N-H, and O—C bonds. Since organic compounds from the plant extract surround the NPs and contribute to
their stability, the vibrational modes of these functional groups are evident in the FTIR spectrum (Figure 6).
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Figure 6. Fourier Transform Infrared Spectrometer (FTIR) spectrum of Cu and Zn NPs biosynthesized from
aqueous extract of plant moringa

The XRD analysis was performed using a Cu anode (Kou = 1.54060 A, Koz = 1.54443 A) with a goniometer scan
over a 20 range of 5.0000° to 89.9600° at a step size of 0.0400° and a scan step time of 1.0000 s. A fixed divergence
slit of 1.0000° and a receiving slit of 0.1000 mm were used, without an incident beam monochromator or sample
spinning. The measurement was conducted at 25.00°C with a goniometer radius of 240.00 mm and a focus-
divergence slit distance of 91.00 mm. The XRD peak list revealed distinct diffraction patterns with prominent
peaks at 27.6894°, 32.0889°, 38.2331°, 46.4645°, and 76.9763° 20. The highest intensity peak (100% relative
intensity) was at 32.0889° with a d-spacing of 2.789 A, closely matching reference pattern 96-901-1667. Peaks at
27.6894° (55.92% intensity, d = 3.222 A) and 46.4645° (58.72% intensity, d = 1.954 A) also aligned with this
reference, while the peak at 38.2331° (43.06% intensity, d = 2.354 A) corresponded to phase 01-087-0720. The
broad peak at 76.9763° (12.17% intensity, d = 1.239 A) showed overlap with both reference patterns, indicating a
possible mixed-phase composition. FWHM values suggested varying crystallite sizes, with the sharpest peak at
32.0889° (FWHM = 0.7872°). Overall, the results confirmed multiple crystalline phases, with 96-901-1667 as the
dominant reference pattern (Figure 7).
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Figure 7. XRD Analysis Using Cu-Ko Radiation Reveals Dominant Crystalline Phase (96-901-1667) with
Secondary Phase (01-087-0720) in Mixed Composition

Callus induction in chicory plant

As shown in Table 3, optimization of the callus induction environment (Figure 8) in MS medium supplemented
with various concentrations of Cu NPs (0, 100, 150, and 200 mg/1) and Zn NPs (0, 100, 150, and 200 mg/1) revealed
that the highest values for chlorophyll content, fresh weight, and dry weight of callus were obtained with 100 mg/L
Cu NPs. This treatment resulted in a significant increase compared to the others. Additionally, the highest proline
content was achieved with 150 mg/l Cu NPs, showing a 13.71% increase over the 200 mg/1 treatment.

Figure 8. Induction of callus in a chicory plant under the influence of Cu and Zn NPs synthesized by aqueous
extract of moringa plant.

Descriptive statistical analysis

Descriptive statistics, including mean, standard deviation, minimum, maximum, range, and coefficient of variation
(CV) for the studied traits, are summarized in table 1. Among the CV values, carotenoids exhibited the highest
(43.35%), while callus dry weight showed the lowest (0.51%). Table 1 indicates that total chlorophyll had the
largest range of variation, though it did not correspond to the highest standard error. The results revealed substantial
variation among treatments for carotenoids, chlorophyll a, and callus fresh weight.

Table 1. Descriptive statistics of studied traits of chicory during Cu NPs treatment

Trait Mean + SE PCV (%) Minimum Maximum Range
Ch. a 2.724+0.17 4.69 1.13 3.32 2.18
Ch.b 1.96+0.21 2.74 0.59 2.75 2.15
Ch. T 4.68+0.37 3.76 1.73 6.07 4.34
Car 2.77+0.01 43.35 2.62 2.86 0.24
Proline 0.20+0.02 2.37 0.12 0.37 0.25
CFW 0.64+0.04 3.97 0.34 0.82 0.47
CDW 0.11£0.06 0.51 0.01 0.78 0.76
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Chlorophyll a (Ch. a): mg/g fresh weight (FW), Chlorophyll b (Ch. b): mg/g fresh weight (FW), Total
Chlorophyll (Ch. T): mg/g fresh weight (FW), Carotenoids (Car): mg/g fresh weight (FW), Proline (Proline):
umol/g fresh weight (FW), Callus Fresh Weight (CFW): gram (g) and Callus Dry Weight (CDW): gram (g)

Descriptive statistics, including mean, standard deviation, minimum, maximum, range, and coefficient of variation
(CV) for the studied traits, are summarized in table 2. Among the CV values, proline exhibited the highest
(13.35%), while callus dry weight showed the lowest (1.10%). Table 2 indicates that total chlorophyll had the
largest range of variation, though it did not correspond to the highest standard error. The results revealed substantial
variation among treatments for proline, callus fresh weight, and carotenoids.

Table 2. Descriptive statistics of studied characteristics of chicory during Zn NPs treatment

Trait Mean + SE PCV (%) Minimum Maximum Range
Ch. a 1.38+0.33 1.25 0.04 2.97 2.93
Ch.b 0.91+0.24 1.13 0.13 2.32 2.19
Ch.T 2.29+0.56 1.22 0.32 5.30 4.98
Car 1.754+0.27 1.89 0.35 2.80 2.45
Proline 0.26+0.006 13.35 0.21 0.28 0.07
CFW 0.73+0.05 4.07 0.45 0.97 0.52
CDW 0.06+0.01 1.10 0.01 0.20 0.19

Chlorophyll a (Ch. a): mg/g fresh weight (FW), Chlorophyll b (Ch. b): mg/g fresh weight (FW), Total
Chlorophyll (Ch. T): mg/g fresh weight (FW), Carotenoids (Car): mg/g fresh weight (FW), Proline (Proline):
umol/g fresh weight (FW), Callus Fresh Weight (CFW): gram (g) and Callus Dry Weight (CDW): gram (g)

Mean comparison analysis

Table 3 presents the mean growth characteristics of chicory plants under Cu and Zn NP treatments. Significant
differences were observed among treatments. As shown in Table 3, the highest values for chlorophylls, callus fresh
weight, and dry weight were obtained with 100 mg/L Cu NPs, showing a significant increase compared to other
treatments. The highest proline content was achieved with 150 mg/l Cu NPs, representing increases of 13.71%
over 200 mg/l, 120% over the control, and 106.25% over 100 mg/L. Chlorophyll a, b, and total chlorophyll were
highest in the control treatment. The highest carotenoid content was observed with 100 mg/L Zn NPs. Additionally,
proline (150 mg/L treatment) and callus fresh and dry weights (200 mg/L treatment) exhibited maximum values
(Table 3).

Table 3. Comparison of the average characteristics of chicory under the treatment of Cu and Zn NPs

Cu
0 mg/l 100 mg/1 150 mg/1 200 mg/l
Ch. a 2.90+0.00174 3.15+0.0320° 2.28+0.2936°¢ 2.61+0.0300%
Ch.b 2.59+0.0008* 2.62+0.0804* 1.49+0.4503° 1.35+0.0574°
Ch.T 5.49+0.0018* 5.77+0.1089% 3.7840.6673° 3.96+0.0875°
Car 2.79+0.0263% 2.83+0.0203* 2.71+0.0424° 2.76+0.0064®
Proline 0.15+0.0038" 0.16+0.0045° 0.33+0.0289* 0.14+0.0098°
CFW 0.68+0.0302° 0.80+0.0092° 0.41+0.0355°¢ 0.67+0.0182°
CDW 0.05+0.0012° 0.31+0.0230° 0.02+0.0054° 0.04+0.0063°
Zn
0 mg/l 100 mg/1 150 mg/1 200 mg/1
Ch. a 2.92+0.0286* 1.46+0.0191° 0.25+0.0364° 1.3940.0757°
Ch.b 2.30+0.0321° 1.00+0.0117° 0.15+0.0121¢ 0.67+0.0355%
Ch.T 5.234+0.0581* 2.460.0989° 0.41+0.0477¢ 2.06+0.0796%
Car 2.46+0.3209° 2.5540.0071* 1.1840.0885° 1.16+0.0760°
Proline 0.22+0.0240° 0.26+0.0076 0.28+0.0037* 0.2740.0003*
CFW 0.79+0.0480° 0.68+0.0269°¢ 0.51+0.0325¢ 0.94+0.0150°

0.06+0.0030°

0.03+0.0069°

0.02:+0.0069°

0.15+0.0023*

Chlorophyll a (Ch. a): mg/g fresh weight (FW), Chlorophyll b (Ch. b): mg/g fresh weight (FW), Total
Chlorophyll (Ch. T): mg/g fresh weight (FW), Carotenoids (Car): mg/g fresh weight (FW), Proline (Proline):
umol/g fresh weight (FW), Callus Fresh Weight (CFW): gram (g) and Callus Dry Weight (CDW): gram (g)

Correlation coefficient results

The correlation matrix for growth characteristics under Cu NPs treatments (Figure 9) showed that increases in
chlorophyll a were accompanied by increases in chlorophyll b and total chlorophyll. A positive relationship was
also observed between carotenoids and chlorophyll b. Notably, proline exhibited significant positive correlations
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with chlorophyll a (0.4671%*), chlorophyll b (0.5768%*), total chlorophyll (0.5406%*), and carotenoids (0.7632%*).
This indicates that higher proline levels enhance chlorophyll synthesis. The correlation matrix for growth
traits under Cu NPs treatments is presented in Figure 10.
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Figure 9. Heat map of mutual relations of variables in correlation coefficient for indicators under Zn NPs.
Chlorophyll a (Ch. a): mg/g fresh weight (FW), Chlorophyll b (Ch. b): mg/g fresh weight (FW), Total Chlorophyll
(Ch. T): mg/g fresh weight (FW), Carotenoids (Car): mg/g fresh weight (FW), Proline (Proline): umol/g fresh
weight (FW), Callus Fresh Weight (CFW): gram (g) and Callus Dry Weight (CDW): gram (g)

The correlation matrix for growth traits under Zn NPs treatments showed that increases in carotenoids and callus
fresh weight were associated with exponential increases in chlorophylls. However, a significant negative
relationship was observed between proline and the other traits (Figure 11).
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Figure 10. Heat map of mutual relations of variables in correlation coefficient for indicators under Cu NPs.
Chlorophyll a (Ch. a): mg/g fresh weight (FW), Chlorophyll b (Ch. b): mg/g fresh weight (FW), Total Chlorophyll
(Ch. T): mg/g fresh weight (FW), Carotenoids (Car): mg/g fresh weight (FW), Proline (Proline): pumol/g fresh
weight (FW), Callus Fresh Weight (CFW): gram (g) and Callus Dry Weight (CDW): gram (g)

Path analysis results

Path analysis was employed to examine relationships between traits. This method partitions correlations between
independent and dependent variables into direct and indirect effects, facilitating accurate result interpretation. High
correlations between traits can cause multicollinearity, which distorts conventional Path analysis models and
produces unrealistic estimates with high error. Sequential Path analysis, used in this study, reduces
multicollinearity and simplifies trait relationships. Direct effects, total indirect effects of studied traits on callus
dry weight, and correlations are presented in Table 4. Indirect effect analysis for Zn NPs treatments is shown
in Figure 12.

Stepwise regression analysis results for Cu and Zn NPs treatments are shown in Table 4. Key traits identified in
the models included: chlorophyll a (0.067 and -0.031), chlorophyll b (-0.0066 and 6.56), carotenoids (1.690 and
0.005), proline (1.817 and -0.304), and callus fresh weight (0.861 and 0.375), each contributing significantly to
percentage changes in callus dry weight (Table 4).

Table 4. Step-by-step regression analysis of callus dry weight
with other traits included in the model during the treatment of

Cu and Zn NPs.
Variables entered to model Step 1

Cu Zn
Intercept -5.552 -0.091
Ch. a 0.067 -0.031
Ch.b -.0066 6.56
Car 1.690 0.005
Proline 1.817 -0.304
CFW 0.861 0.375
R? (%) 0.362 0.819

The results from Cu and Zn NPs treatments showed that in the first stage of Path analysis, chlorophylls (a, b, and
carotenoids), proline, and callus fresh weight had the greatest influence on determining callus dry weight. The
highest positive direct effects were associated with proline (0.708) and callus fresh weight (1.091), while the lowest
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direct effects were linked to chlorophyll b (—0.218) and chlorophyll a (—0.605), both of which were negative (Table
5).

Table 5. Direct analysis of callus dry weight with other traits entered into the
model during the treatment of Cu and Zn NPs.

Ch.a Ch.b Car Proline CFW
Cu 0.175 -0.218 0.497 0.708 0.624
7n -0.605 0.001 0.081 -0.152 1.091

The results of indirect effect analysis for Cu and Zn NPs treatments are presented in figures 11 and 12. These
findings indicate that the traits chlorophyll a (0.067 and —0.03 1, respectively), chlorophyll b (=0.0066 and 6.56),
carotenoids (1.690 and 0.005), proline (1.817 and —0.304), and callus fresh weight (0.861 and 0.375) exerted
primarily indirect effects on callus dry weight.

kS ch.b Car Proline| | CFW

0.5048 p.512

Figure 11. Indirect analysis of callus dry weight trait with other traits entered into the model during Cu NPs
treatment.
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Figure 12. Indirect analysis of the callus dry weight attribute with other attributes entered into the model during
the treatment of Zn NPs.

Discussion

The chicory plant is an important medicinal plant with valuable secondary metabolites (Koohsari et al. 2020; Janda
et al. 2021). Chicory callus serves as an effective source for producing and extracting these metabolites. Advanced
tissue culture techniques in breeding and propagating medicinal plants enable greater utilization and yield of
valuable secondary compounds. Combining these methods with nanotechnology can enhance production
efficiency (Rizwan et al. 2017).

Various NPs synthesis methods exist, but physical and chemical approaches often produce environmentally
harmful byproducts and can be replaced by green synthesis, which uses less toxic materials (Patel et al. 2023).
Moringa is a rich source of minerals, vitamins, proteins, and antioxidants (Adedapo et al. 2015), making it suitable
for NPs production. Given the regional abundance of this tropical plant and its beneficial compounds, this study
was conducted in October 2023 at the University of Zabol to optimize chicory callus production using Zn and Cu
NPs synthesized from moringa aqueous extract. The results demonstrated that Moringa extract effectively
produced Cu and Zn NPs. Since NPs size and shape are critical for medicinal applications, electron microscopy
revealed average sizes of 8§ nm for Cu NPs and 12 nm for Zn NPs, all spherical. The homogeneous spherical
morphology observed via SEM and TEM indicates successful capping by bioactive molecules from moringa
extract. Different concentrations (0, 100, 150, and 200 mg/L) of Cu and Zn NPs synthesized from moringa aqueous
extract were tested on chlorophyll a, b, total chlorophyll, carotenoids, and proline in chicory. The maximum effects
of Cu NPs on chlorophylls, callus fresh weight, and dry weight were observed at 100 mg/L, showing significant
increases over other treatments. The highest proline content was obtained at 150 mg/L Cu NPs, representing
increases of 13.71% over 200 mg/L, 120% over control, and 106.25% over 100 mg/L. However, Cu NPs
concentrations above 100 mg/L reduced chlorophyll a, b, total chlorophyll, carotenoids, and proline.

The mechanism by which NPs enhance growth is not fully elucidated, but improved water uptake may be a primary
factor. NPs penetrate cell walls and membranes, forming new pores that facilitate water and mineral influx (Tiwari
et al. 2014). Increased water uptake raises turgor pressure, alters cellular osmotic potential, and enhances mineral
absorption. This triggers enzymatic and hormonal signaling, boosting growth enzyme activity and levels of
gibberellins and auxins, promoting tissue expansion (Taiz and Zeiger 2002). Research suggests NPs influence
hormone distribution and microtubule organization to accelerate cell division and growth (Liu et al. 2009).
Nanomaterials may also enter cells via aquaporins, ion channels, or new pores, modulating gene expression and
metabolic pathways to improve efficiency, growth, and quality in various plants (Aslani et al. 2014). Copper is
essential for plant growth, forming part of protein structures and required by over 30 enzymes, including
superoxide dismutase (SOD) and cytochrome ¢ oxidase. It supports photosynthesis, protein, and carbohydrate
metabolism, but excess copper causes toxicity and growth inhibition (Adrees et al. 2015; Ngo et al. 2014; Pirooz
etal. 2022; Yasmeen et al. 2017; Hernandez-Hernandez et al. 2019; Nazir et al. 2021; Lafmejani et al. 2018). High
intracellular copper disrupts photosynthesis, induces metabolic disorders, and generates oxidative stress (Adrees
et al. 2015). Like copper ions, Cu NPs exhibit both positive and negative effects. CuO NPs have been reported to
enhance soybean yield (Ngo et al. 2014), stimulate phenolic production in sage (Pirooz et al. 2022), increase wheat
yield under drought (Yasmeen et al. 2017), promote active compound accumulation in tomato fruit (Hernandez-
Hernandez et al. 2019), boost phenolics and flavonoids in basil (Nazir et al. 2021), and increase essential oil in
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peppermint (Lafmejani et al. 2018). Conversely, high CuO NPs concentrations reduce photosynthetic pigments in
Arabidopsis (Nair et al. 2022) and elevate malondialdehyde and Cu-Zn SOD gene expression in cucumber (Mosa
et al. 2018).

Our results show that Cu NPs concentrations above 100 mg/L decreased chlorophyll, carotenoids, and callus fresh
and dry weights, likely due to copper ion release affecting callus growth and chlorophyll synthesis. Copper is vital
for chlorophyll formation, photosynthesis, carbohydrate and nitrogen metabolism, and enzyme activation
(Krzepitko et al. 2024). It promotes cell elongation by influencing nitrogen metabolism, tryptophan synthesis, and
auxin production (Adrees et al. 2015). However, high copper release at elevated Cu NPs levels damages chromatin,
increases membrane lipid peroxidation, degrades chlorophyll, and impairs photosynthesis, ultimately reducing
growth and potentially causing plant death (Kasana et al. 2017).

Zinc is a limiting but essential element, incorporated into over 200 enzymes and involved in hormone synthesis
(Taiz and Zeiger 2002). High concentrations inhibit growth (Paschke et al. 2006). Nano-ZnO at 100 ppm
maximized callus induction and survival in Hypericum perforatum (Mezginezhad et al. 2019), while ZnO NP
toxicity reduced root fresh weight in fenugreek (Fallah 2017). In this study, Zn NPs from moringa extract yielded
the highest carotenoid content at 100 mg/L, with maximum proline at 150 mg/L and callus fresh and dry weights
at 200 mg/L. Overall, Cu and Zn NPs treatments showed the strongest positive direct effects on proline (0.708)
and callus fresh weight (1.091), while the weakest, negative effects were on chlorophyll b (—0.218) and chlorophyll
a (—0.605).

Carotenoids, tetraterpene compounds, protect chlorophyll from photooxidation, absorb light, and transfer energy
to chlorophyll (Devlin and Witham 2001). They act as non-photosynthetic pigment supporters, quenching excess
short-wavelength energy, converting singlet to triplet oxygen, and scavenging radicals to exert antioxidant effects
(Inzé and Van Montagu 1995). Proline, the most stable amino acid, confers oxidative stress resistance by enhancing
antioxidant enzyme activity, neutralizing reactive oxygen species (ROS), and maintaining redox balance (Sharma
et al. 2011). Proline levels in wheat increased significantly with NPs concentration, peaking at 100 mg/L,
consistent with our findings (Karimi and Mohsenzadeh 2017). Proline thus serves as a defense against oxidative
stress. Zinc concentration increases proline accumulation, which mitigates environmental stress, including heavy
metals, in plants and microorganisms (Siripornadulsil et al. 2002). Stress-induced proline accumulation reduces
membrane and protein damage (Matysik et al. 2002). Proline synthesis lowers cytoplasmic osmotic potential,
maintains the NADP*/NADPH ratio, and functions as an osmolyte, radical scavenger, macromolecule stabilizer,
and cell wall component (Llamas et al. 2000). Under heavy metal stress, glutamate shifts from chlorophyll to
proline synthesis to protect against toxicity. In this study, proline levels in chicory increased with higher zinc and
copper nanooxide concentrations (Vankhadeh 2002).

Zn NPs treatments increased leaf chlorophyll and plant dry weight (Vankhadeh 2002). The rise in photosynthetic
pigments and carotenoids under nano-ZnO suggests a protective role against xenobiotic production in tissue
culture. Thus, 100 mg/L nano-ZnO in chicory medium can enhance total chlorophyll and carotenoids. Nano-ZnO
also improves elemental uptake, increasing plant zinc content (Zeyaeyan and Malakote 2000). Zn NPs positively
affect growth in banana (Helaly et al. 2014), chickpea (Helaly et al. 2014), peanut (Singh et al. 2015), onion and
soybean (Khot et al. 2012). In banana tissue culture, maximum growth occurred at 100 mg/L. Zn NPs, aligning
with our results (Helaly et al. 2014). ZnO NPs significantly boosted growth and yield in pea, peanut, and millet
(Singh et al. 2015). In our study, 100 mg/L ZnO NPs likely improved chicory tissue culture conditions, increasing
photosynthetic pigments. Optimal NPs concentrations vary by plant species, NPs type, dose, application method,
duration, and species (Ma et al. 2015), consistent with prior reports.

Previous studies indicate that NPs concentrations of silver, copper, copper oxide, titanium dioxide, zinc, and zinc
oxide disrupt growth in cucumber, lettuce, beans, corn, rye, and zucchini (Zhang et al. 2011). At toxic levels, plants
reduce NPs uptake or toxicity. NPs toxicity correlates with plant species, with mung bean sprouts more sensitive
than wheat (Lee et al. 2008). NPs may impair water and mineral transport and disrupt photosynthesis (Asli and
Neumann 2009). Chlorophyll is critical for plant growth, with biosynthesis and degradation regulated by complex
pathways. Callus fresh and dry weights, increased by zinc and copper oxide NPs in chicory, are key indicators of
callus growth and health, potentially enhancing secondary metabolite production (Parabia et al. 2007; Dekami et
al. 2023).

Recent studies highlight plants as eco-friendly sources for biocompatible NPs. Gold NP synthesis was optimized
using moringa extract. Plant powder was heated to 30°C, mixed with HAuCls:3H:O, reducing gold ions to NPs
and turning the solution purple. Parameters (pH, extract volume, gold salt concentration, temperature, reaction
time) were optimized via UV-Vis (peak at 550 nm). Spherical NPs (10—40 nm) showed moderate antimicrobial
activity against four pathogens, suggesting biomedical potential (Azizian-Shermeh et al. 2025). NPs from moringa
extract exhibit significant biological potential. With further studies on side effects and optimization, they could be
applied in food, pharmaceutical, and agricultural industries. However, most NP studies focus on germination;
ecological toxicity, environmental risk to organisms across trophic levels, and bioavailability/bioaccumulation via
food chains require urgent investigation
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Conclusion

The results of using Cu and Zn NPs synthesized from moringa plant aqueous extract on chicory callus formation
showed that the strongest positive direct effects were on proline and callus fresh weight, while the weakest direct
effects, which were negative, were on chlorophyll b and a. Therefore, based on the present study, the regional
moringa plant aqueous extract effectively produces Cu and Zn NPs, which at low concentrations enhance callus
formation and photosynthetic pigments in chicory in vitro. Specifically, 100 mg/L of Zn and CuO NPs improved
chicory callus formation by increasing callus fresh and dry weights and photosynthetic pigments. Zn and Cu NPs
promote cell growth, elongation, and metabolic rates by enhancing water and nutrient absorption. However, at
higher concentrations, these effects reverse due to the toxicity of these elements, arising from their redox
properties. Electron microscopy confirmed that the synthesized NPs were spherical, with average sizes of 8 nm
for Cu NPs and 12 nm for Zn NPs. Consequently, this research indicates that the beneficial effects of NPs on plant
growth can be harnessed for molecular studies and plant biotechnology applications to optimize growth.
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