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ABSTRACT

The rapid development of nanotechnology requires environmentally friendly and
biocompatible approaches for the synthesis of nanomaterials with stable physicochemical
properties. Green synthesis using plant extracts provides a sustainable alternative due to their
natural biomolecules that initiate and regulate nanoparticle formation. This study aimed to
synthesize zinc oxide nanoparticles (ZnO-NPs) using the extract of Scutellaria iscanderi L.
and to investigate the role of its phytochemical components in nanoparticle formation and
stabilization. ZnO-NPs were synthesized via a biogenic route employing the aqueous extract
of S. iscanderi. The influence of amino acids, carbohydrates, and flavonoids in reduction and
stabilization was evaluated, and the obtained nanoparticles were characterized using modern
analytical techniques. Amino acids and carbohydrates facilitated nanoparticle reduction and
controlled growth, while flavonoids acted as natural stabilizers, preventing aggregation and
providing antioxidant protection. Characterization confirmed the formation of stable ZnO-NPs
with desirable physicochemical properties. The extract of S. iscanderi effectively mediated the
green synthesis of ZnO-NPs through the synergistic action of its biomolecules. These findings
highlight the potential of S. iscanderi-derived nanoparticles for applications in pharmaceutical,
medical, and environmental fields.

Keywords: Zinc oxide nanoparticles (ZnO-NPs), green synthesis, Scutellaria iscanderi, amino
acids, carbohydrates, flavonoids

1. INTRODUCTION

Metal nanoparticles and their oxides, particularly zinc oxide (ZnO), represent a class of
materials with unique physicochemical properties determined by their nanoscale nature. These
properties include high specific surface area, photocatalytic activity, pronounced antibacterial
effects, and biocompatible interactions with cells and tissues (Azam et al., 2021; Javed et al.,
2020). As a result, ZnO-based nanomaterials have found wide application across diverse fields
from pharmaceuticals, medicine, and cosmetics to the food industry and environmental
protection (Khan et al., 2020). Although conventional physicochemical synthesis methods,
such as precipitation, microwave-assisted techniques, ultrasonic treatment, and sol-gel
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processes, enable the production of nanostructures with well-defined parameters, they are
associated with several significant limitations. These include the high cost of equipment, the
necessity for aggressive chemical reagents and solvents, and the environmental risks associated
with toxic by products, which undermine their sustainability in the context of green chemistry
principles (Rajiv et al., 2013). Consequently, recent years have witnessed growing interest in
developing alternative, environmentally friendly approaches to nanoparticle synthesis
especially green or biogenic methods. These approaches rely on biological agents such as
bacteria, fungi, algae, yeasts, and particularly higher plants, which are capable of reducing
metal ions to nanoparticles through the action of their intrinsic biomolecules, including
proteins, enzymes, sugars, flavonoids, phenolic compounds, and other natural metabolites
(Ramesh et al., 2015; Singh et al., 2022). Among the most promising directions in green
nanotechnology is biosynthesis the fabrication of nanoparticles using aqueous or alcoholic
plant extracts. This method offers several undeniable advantages, including the availability and
renewability of plant materials, process safety, environmental sustainability, scalability, and
the ability to modulate the morphological and functional properties of the resulting
nanoproducts (Lithi et al., 2025). Studies by Al-Darwesh et al. have shown that ZnO-NPs
synthesized using biochemically active substances exhibit enhanced stability, narrow particle
size distribution, and improved functional properties, making them particularly attractive for
biomedical applications (Al-Darwesh et al., 2024).

The present study focuses on the development and optimization of a green synthesis
method for ZnO-NPs using an aqueous extract of S. iscanderi a medicinal plant rich in
flavonoids, carbohydrates, and proteins that play a key role in the reduction and stabilization
of nanostructures. Special attention is given to the influence of synthesis parameters such as
temperature, pH, and molar ratio of reagents on the rate of nanoparticle formation, their
morphological characteristics, and their potential biomedical relevance.

2. MATERIALS AND METHODS
2.1. Preparation of Plant Extract and Optimization of Flavonoid Extraction

The aerial parts of S. iscanderi were systematically harvested during their peak
vegetative phase in July from the Pap district of Namangan region, Uzbekistan (Draft
Pharmacopoeial Monograph (DPM) 42 Uz-15842845-3731-2019) (Shermatova and Rizayev,
2025). The collected plant material was thoroughly rinsed with distilled water to remove
impurities, shade-dried for 7 days at ambient temperature to preserve thermolabile
phytoconstituents, and finely ground using a stainless-steel mechanical grinder. For aqueous
extraction, precisely 10 g of powdered sample were mixed with 80 mL of distilled water,
maintaining a hydromodule of 1:8. The mixtures were subjected to thermal extraction at three
controlled temperatures 30°C, 50°C and 70°C for 60 min under continuous magnetic stirring
to evaluate the temperature-dependent efficiency of flavonoid release. Post-extraction, the
suspensions were filtered using filter paper and the filtrates were stored at 4°C in amber vials
to prevent photodegradation.

The flavonoid concentrations in the resulting extracts were quantified using high-
performance liquid chromatography (HPLC) to determine the optimal extraction condition.
The effect of temperature on flavonoid extraction in the aqueous extract of S. iscanderi is
presented in Table 1. As evident from the presented data, the maximum extraction of apigenin,
quercetin, rutin, and luteolin in the aqueous extract was observed at 70°C.
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Table 1. Effect of extraction temperature on the yield of various flavonoids
Effect of Temperature on Flavonoid Content in Aqueous Extract (hydromodule 1:8)

Flavonoids 30°C 50°C 70°C
Flavonoid Content in Aqueous Extract of S. iscanderi (mg/g)
Apigenin 0.157080 0.327080 0.372080
Quercetin 0.050557 0.013557 0.146870
Rutin 0.155127 0.227127 0.242126
Luteolin 0.120709 0.130709 0.133604

2.2. Biosynthesis of ZnO-NPs via the Green Synthesis Method

The biosynthesis of ZnO-NPs was carried out using an extract of S. iscanderi a plant rich
in biologically active compounds particularly flavonoids which function as natural reducing
and stabilizing agents. These bioochemicals facilitate the efficient reduction of zinc ions and
promote the formation of nanoparticles with controlled size and morphology. An aqueous
0.5 M solution of zinc acetate dihydrate [Zn(CHsCOO)222H20] served as the precursor for zinc
ion provision. The freshly prepared aqueous plant extract was introduced into the precursor
solution in a controlled, dropwise manner under continuous magnetic stirring at ambient
temperature. This controlled addition ensured homogeneous mixing and promoted a gradual
and uniform nucleation process. To systematically assess the influence of extract-to-precursor
volume ratios on the kinetics, yield, and efficiency of nanoparticle formation, a range of
compositional ratios was investigated, as summarized in Table 2. The synthesis of ZnO-NPs
was conducted using the green synthesis method, with the stages of the process illustrated in
Figure 1.

Table 2. Effect of temperature and extract ratio on the formation of ZnO-NPs

Ratio of Extract Onset of Color Time Ratio of Extract Onset of Color Time
(obtained at 50°C) Change (Start of When (obtained at 70°C) Change (Start of When
+ Zinc Acetate Biosynthesis) at Color + Zinc Acetate Biosynthesis) at Color

Dihydrate t=30°C Change Dihydrate t=50°C Change
Ceased Ceased

1:1 15 min 40 min 1:1 8 min 38 min

1:2 17 min 45 min 1:2 10 min 42 min

1:3 20 min 50 min 1:3 10 min 48 min

1:4 23 min 55 min 1:4 11 min 53 min

1:5 26 min 60 min 1:5 12 min 58 min

1:10 29 min 65 min 1:10 14 min 60 min

2:1 15 min 70 min 2:1 9 min 62 min

2:2 18 min 75 min 2:2 12 min 73 min

3:2 13 min 65 min 3:2 6 min 35 min

3:5 15 min 62 min 3:5 9 min 40 min

A series of reaction suspensions was subsequently formulated by combining the aqueous
extract of S. iscanderi with a 0.5 M solution of zinc acetate dihydrate in systematically varied
volume ratios. The initial pH of all reaction mixtures was measured at approximately 6. To
trigger the precipitation and initiate nanoparticle formation, 15 mL of 2 M NaOH solution was
carefully introduced into each system. This addition led to the immediate development of a
dense colloidal matrix, indicating the onset of nucleation and subsequent growth of ZnO-NPs.
During the biosynthesis process, a gradual color change of the reaction mixture was observed
at different time intervals, depending on the reaction conditions. The results indicate that both
the extract-to-precursor ratio and the synthesis temperature significantly influence the nature
and rate of color transition. At 50°C, the onset of visible color change was recorded after 6 min
and persisted until the 35 minute. The transformation of the suspension color from white to
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deep yellow is indicative of an increasing concentration and growth in size of the forming
ZnO-NPs.

Figure 1. External appearance of the studied material, raw plant material and extract

The most pronounced nanoparticle formation was observed at an extract-to-zinc acetate
ratio of 3:2 suggesting this as the optimal composition under the given experimental
conditions. In addition to the reagent ratio, synthesis temperature and reaction medium pH
were found to play critical roles in determining the kinetics of nanoparticle formation. Across
all tested samples, the pH remained within the range of 6.0-7.2 and was stable throughout the
reaction duration. An increase in synthesis temperature significantly accelerated nanoparticle
formation. At a 3:2 ratio, the onset of biosynthesis occurred after 13 min at 30°C, whereas at
50°C, it was reduced to 7 min. Similarly, the completion of color change which serves as an
indirect indicator of synthesis completion was observed 30 min earlier at 50°C (35 min),
compared to 65 min at 30°C. Thus, it can be concluded that the most favorable conditions for
the green synthesis of ZnO-NPs are a temperature of 50°C and an extract-to-precursor ratio of
3:2, which together ensure the highest rate and efficiency of nanoparticle formation.

2.3. Spectroscopic and Chromatographic Characterization

Fourier-Transform Infrared (FTIR) spectroscopy was used to identify functional groups
in the S. iscanderi extract and to monitor chemical changes after ZnO-NP biosynthesis. Spectra
were recorded in the range of 4000-400 cm™ and the observed vibrations confirmed the
involvement of plant biomolecules in nanoparticle reduction and stabilization. UV-Vis
spectroscopy was applied to confirm and characterize the formation of ZnO-NPs synthesized
using the aqueous extract of S. iscanderi. The absorption spectra were recorded in the
wavelength range of 200-800 nm, covering both the ultraviolet and visible regions where
characteristic bands of ZnO nanostructures and plant-derived biomolecules typically appear.
The detection of a distinct absorption peak verified the successful synthesis of ZnO-NPs and
provided insights into their optical behavior and colloidal stability, in agreement with previous
green synthesis reports (Aksit and Gergin, 2025).

The flavonoid content of S. iscanderi was determined by HPLC with UV detection using
a C18 column. Methanolic solutions of plant extracts and standard reference compounds were
filtered and analyzed under optimized conditions. Chromatographic separation was performed
at room temperature with a mobile phase composed of Solutions A and B, at a flow rate of 1.0
mL/min and an injection volume of 10 pL. The total run time was 15-20 min. Identification
and quantification were carried out by comparing retention times and peak areas of analytes
with those of the corresponding standards with adequate chromatographic resolution achieved.
Before quantitative determination, the suitability of the HPLC system was verified using at
least five replicate injections of the standard reference solution of the target flavonoid. The
system was considered acceptable when column efficiency (N) exceeded 2000, the resolution
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(Rs) between adjacent peaks was >1.5, and the relative standard deviation (RSD) of peak areas
did not exceed 2.0%. Quantification was performed by comparing the chromatographic
response of the analyte in the test solution with that of the standard solution, using the
following equation:

be Stest X Astd X I/rest x Px1 OOO Stesl X Astd X Px %est x1 O
Stest X Vista X arest x 100 Sstd X Atest X Vista

where Siest represents the peak area of the test solution, Ssa the peak area of the standard
solution, asy the weight of the standard sample in grams, awest the weight of the test sample in
grams, P the percentage content of the reference substance in the standard sample, Vs the
volume of dilution of the standard solution (mL), Vet the volume of dilution of the test solution
(mL), and X the percentage content of the analyte in the sample.

For the quantitative analysis of apigenin, quercetin, rutin, and luteolin, weighed portions
of the powdered sample were dissolved in methanol, diluted to 100 mL and filtered through
blue-ribbon paper. Chromatographic separation was performed on a reversed-phase C18
column with a flow rate of 1.0 mL/min and total analysis time of 20 min. UV detection was
carried out at compound-specific wavelengths, and the content of each flavonoid (%) was
calculated according to the general HPLC formula. Reference standards (1.0 mg/mL in
methanol) were used for calibration. According to the State Pharmacopoeia of the Republic of
Uzbekistan, the content of flavonoids must not be lower than the prescribed minimum values.

Apigenin: A = 335 nm; mobile phase: methanol; 0.3% trifluoroacetic acid (40:60, v/v);
retention time =15 min; minimum content >0.20%; Quercetin: A = 370 nm; mobile phase:
methanol; 0.3% trifluoroacetic acid (20:80, v/v); retention time confirmed; minimum content
>0.05%; Rutin: A = 357 nm; mobile phase: methanol; 0.3% trifluoroacetic acid (20:80, v/v);
retention time confirmed; minimum content >0.04%; Luteolin: A = 350 nm; mobile phase:
acetonitrile; 0.2% trifluoroacetic acid (28:72, v/v); retention time confirmed; minimum content
>0.05%.

2.4. HPLC Method for the Quantitative Determination of Mono- and Disaccharides in
Plant Extracts

Quantitative analysis of glucose, fructose, sucrose, and maltose in the samples was
performed using an Agilent 1100 HPLC system (Agilent Technologies, USA) equipped with
a refractive index detector. Separation was achieved on a Supelcosil LC-NH> column (5 um,
4.6x250 mm; Supelco, USA) with isocratic elution using acetonitrile-water (82:18, v/v) as the
mobile phase at a flow rate of 1.0 mL/min, column temperature 35°C, and injection volume 10
uL. Certified reference standards of the target carbohydrates were used for identification and
calibration. Retention times were as follows: fructose 4.9+0.2 min, glucose 5.7+0.2 min,
sucrose 10.4+0.2 min, maltose 12.1 + 0.2 min. All solutions were prepared with deionized
water and filtered through 0.45 pm nylon membranes before injection. The obtained
chromatograms demonstrated baseline separation and reproducibility.

2.5. Methodology for the Isolation and HPLC Identification of Free Amino Acids in
Aqueous Plant Extracts

Free amino acids from plant extracts were isolated by protein precipitation with 20%
trichloroacetic acid (TCA). Equal volumes of extract and TCA solution were mixed, incubated
for 10 min, and centrifuged at 8000 rpm for 15 min. The supernatant was collected, lyophilized,
and neutralized by repeated dissolution in triethylamine:acetonitrile:water (1:7:1, v/v)

6l|Page



ISSN 2462-2052 | eISSN 2600-8718 Journal of Science and Mathematics Letters
DOI: https://doi.org/10.37134/jsml.vol13.2.5.2025 Volume 13, Issue 2, 57-71, 2025

followed by evaporation to dryness. Derivatization was performed using phenyl isothiocyanate
(PITC) to obtain phenylthiocarbamyl derivatives of amino acids. HPLC analysis was carried
out on an Agilent 1200 Series system equipped with a diode-array detector and a Discovery
HS C18 column (75 x 4.6 mm). Gradient elution was performed with eluent A (0.14 M sodium
acetate with 0.05% triethylamine, pH 6.4) and eluent B (acetonitrile) at a flow rate of 1.2
mL/min. Detection was performed at 269 nm. The gradient program ranged from 1% to 60%
B within 45 min, followed by re-equilibration. This method ensured reproducible separation
and quantification of PTC-amino acids in complex plant matrices.

3. RESULTS AND DISCUSSION
3.1. FTIR Confirmation of ZnO-NPs Synthesis

FTIR spectroscopy was employed to confirm the formation of ZnO-NPs and to assess
their quantitative features and optical properties. For the study, we used a ready-made

suspension of ZnO-NPs obtained via green synthesis using S. iscanderi. The suspension was
dried using lyophilization and used as the material for further analysis (Figure 2).

Y ‘ (B)

4000 2000 1000
2 qurug ekstraks cm-1

Figure 2. FTIR spectrum of the extract (A) and the substance containing ZnO-NPs (B

In the spectrum, the following characteristic absorption regions can be identified: 1640-
1560 cm™, 1055 cm™, 400-890 cm!, and the region around 3580 cm™. FTIR revealed a
characteristic peak near 523 cm™!, which indicated the formation of a ZnO nanostructure. The
vibrational peaks observed around 3580 cm™ correspond to hydroxyl (OH) groups. They
appear as a narrow band in the spectra of diluted solutions in inert solvents or in the gas phase.
When hydrogen bonding occurs, the vibration frequency decreases and the bands broaden. In
some cases, both the free and hydrogen-bonded forms can be observed simultaneously. The
recorded FTIR spectra indicated that the vibrational peaks at 1640 cm™ and 1560 cm’
corresponded to the bending vibrations of HOH groups. A broad absorption band in the region
around 1750 cm™! is present in the sample spectrum and relates to the stretching vibrations of
OH groups in alcohols and phenolic compounds. Absorption bands in the range of 1055-870
cm’! correspond to the stretching of COC groups in simple ethers and acetals. The absorption
in the 400-890 cm™ range characterizes various bonds in the pyranose ring, while the
absorption band at 1640 cm™! corresponds to pronounced carbonyl fragments of proteins. These
results indicate that the carbonyl group of proteins is strongly adsorbed onto the metal surface.
This suggests that proteins may also form a layer of bioorganic compounds facilitating
interaction with the biosynthesized nanoparticles, while the secondary structure remains
unaffected during the reaction with zinc ions or after binding with ZnO-NPs.

The aforementioned peaks confirm the presence of biochemicals in the plant extract,
such as terpenoids and phenolic compounds, which were involved in the reduction and
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stabilization of ZnO-NPs. The conducted experiments demonstrated that the studied sample
contains ZnO-NPs. Using FTIR spectroscopy, it was demonstrated that plant metabolites such
as sugars, terpenoids, polyphenols, alkaloids, phenolic acids, and proteins play a significant
role in the reduction of metal ions into nanoparticles and in ensuring their subsequent stability.
It was suggested that the control over size and morphology of the nanostructures may be
associated with the interaction of these biomolecules with metal ions. After the addition of the
plant extract to the precursor zinc acetate dihydrate and NaOH, a white precipitate was formed,
indicating the phytoproduction of ZnO-NPs with a yield of 88.2%. This finding confirms the
feasibility of large-scale production of ZnO-NPs using a plant-mediated synthesis procedure
comparable to conventional chemical methods.

3.2. Evaluation of Optical Properties and Reducing Potential of S. iscanderi in ZnO-NPs
Synthesis

The UV-visible spectral analysis provided clear evidence supporting the successful
biosynthesis of ZnO-NPs using the aqueous extract of S. iscanderi. A pronounced and well-
defined absorption peak was observed at approximately 370 nm, which is consistent with the
characteristic surface plasmon resonance of ZnO-NPs, thereby confirming their formation.
This optical signature is typically attributed to intrinsic band gap transitions of ZnO
nanostructures and serves as a reliable indicator of nanoparticle synthesis. In addition to
nanoparticle characterization, the UV spectrum of the S. iscanderi extract itself exhibited a
distinct absorption peak around 320 nm. This peak corresponds to the electronic transitions
commonly associated with phenolic compounds and flavonoids, which are known to play a
pivotal role in the reduction and stabilization of metal ions during the green synthesis process.
These findings not only validate the formation of ZnO-NPs but also highlight the biochemical
composition of the extract, suggesting its dual function as both a reducing and capping agent
in the biosynthetic pathway (Figure 3).
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Figure 3. UV spectru—r—ﬁ of the aqueous extract (A) and the substance containing ZnO-NPs (B)
3.3. Determination of Flavonoid Content by HPLC Analysis

Considering that S. iscanderi contains flavonoid compounds particularly luteolin,
apigenin, quercetin, and rutin that participate in the formation of metal nanoparticles, a
comparative chromatographic study was conducted to analyze the flavonoid content in the
aqueous extract of S. iscanderi and the substance containing ZnO-NPs. Figures 4-7 present the
HPLC chromatograms of extracts and their corresponding ZnO-NP-loaded forms, namely
apigenin (Figure 4), quercetin (Figure 5), rutin (Figure 6), and luteolin (Figure 7), where (A)
represents the pure extract and (B) the extract containing ZnO-NPs.
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Figure 7. HPLC chromatogram of extract (luteolin) (A) and extract containing ZnO-NPs (luteolin) (B)

Initially, chromatograms of the flavonoid standards were recorded: quercetin at 11.77
min, rutin at 9.69 min, apigenin at 1.49 min and luteolin at 11.29 min. Subsequently,
chromatograms were obtained for the solution of the original S. iscanderi extract and for the
suspension of the S. iscanderi extract containing ZnO-NPs. The results of these analyses are
shown in Figure 7. As evident from the presented chromatograms, peaks were observed at
wavelengths of 269, 370, 357, and 350 nm, with retention times (min) corresponding to the
presence of quercetin at 11.79 min, rutin at 9.84 min, apigenin at 1.47 min, and luteolin at
11.43 min. According to the analysis results, the content of flavonoids in the samples
containing ZnO-NPs was reduced. A summary of the chromatographic analysis results is
presented in Table 3.

Table 3. Quantitative content of selected flavonoids in S. iscanderi extract and the final substance
Flavonoid Content, mg/g

Flavonoid Standard

S. iscanderi Extract Substance
Apigenin 0.372 0.130
Quercetin 0.146 0.052
Rutin 0.242 0.062
Luteolin 0.133 0.101

3.4. Identification of Carbohydrates Involved in Nanoparticle Formation

Since S. iscanderi contains not only flavonoid compounds but also carbohydrates and
proteins that may potentially participate in the formation of ZnO-NPs, a comparative
chromatographic analysis of the aqueous extract of S. iscanderi and the resulting suspension
containing ZnO-NPs was carried out to determine the carbohydrate content in the given
samples. Standard chromatograms of carbohydrates were obtained, with retention times as
follows: fructose 4.9+0.2 min, glucose 5.7+0.2 min, sucrose 10.4+0.2 min, and maltose
12.14+0.2 min (Figure 8). Subsequently, chromatograms of the aqueous extract of S. iscanderi
were recorded, as well as chromatograms of the substance containing ZnO-NPs synthesized
from this extract (Figure 9). The summarized data obtained from chromatographic analysis are
presented in Table 4.
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Figure 8. Chromatogram of carbohydrate standards: fructose, glucose, sucrose and maltose

IO A Feekacive Index Sgnal (AAA_seq 2025-07-15 10-02-0 110040361 1) RIDT A Refraciive Index Signal (AAA_seq 2025-07-18 10-02-011005-0407 D
U o
GV 5 (B)
® 8 £
8 X 2
160 g a0 £ 3
= & N
5 & ¢
3 5 ol
800 S
180 3 g . . B X & 5
4 g g 2 o ] | O 8
H 5 23 K s 050 E 3
g 3 2% H 3
0 s - s
| = ~1000 s
2204 R N | N &
] g - 5 & & \ -1080 &
s < 56 / | \ g
1% - o gt § S ~
a0l VS T | oA 0 A B 3
/ . § 8
) 1150 Y H
260 M A n
i g a5 i g md : T T

Figure 9. Chromatogram of extract (Carbohydrate analysis: fructose, glucose, sucrose, maltose) (A) and extract
containing ZnO-NPs (Carbohydrate analysis: fructose, glucose, sucrose, maltose) (B)

Table 4. Quantitative content of selected carbohydrates in the extract and substance containing ZnO-NPs

Extract of S. iscanderi Substance with ZnO-NPs
Carbohydrates .
Concentration, mg/g
Fructose 0.059 0.17
Glucose 0.016 0.144
Sucrose 0.039 0.083
Maltose 0.101 0
Total 0.215 0.397

3.5. Amino Acid Profiling Before and After Nanoparticle Synthesis

For the identification of amino acid derivatives, the method of HPLC was employed.
Chromatograms of the aqueous extract of S. iscanderi, as well as chromatograms of the sample
containing ZnO-NPs formed in the extract (Figure 10), were obtained for this purpose.
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Figure 10. Chromatogram of extract (A) and extract containing ZnO-NPs (B)

Comparative data on the amino acid composition of S. iscanderi extract and the
substance containing ZnO-NPs are presented in Table 5. Analysis of the data in the table shows
the complete disappearance of a number of amino acids, such as aspartic acid, glutamic acid,
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glycine, asparagine, cysteine, threonine, arginine, alanine, methionine, leucine, and lysine,
which were detected in the original extract, in the substance containing ZnO-NPs. At the same
time, an increase in the content of histidine in the substance was noted. In addition, a decrease
in the quantitative content of such amino acids as glutamine, serine, tyrosine, valine, histidine,
isoleucine, tryptophan, and phenylalanine was observed.

Table 5. Quantitative content of individual amino acids in extract and the substance containing ZnO-NPs

No  Amino Acid Name S. iscanderi Extract : Substance with ZnO-NPs
Concentration (mg/ml)
1. Aspartic acid 0.232 0.000
2. Glutamic acid 0.070 0.000
3. Serine 0.076 0.016
4. Glycine 0.074 0.009
5. Asparagine 0.075 0.000
6. Glutamine 0.154 0.116
7. Cysteine 0.106 0.000
8. Threonine 0.584 0.000
9. Arginine 0.179 0.005
10.  Alanine 0.056 0.044
11.  Proline 0.083 0.109
12. Tyrosine 0.018 0.012
13.  Valine 0.247 0.016
14. Methionine 0.034 0.025
15.  Histidine 0.080 0.178
16.  Isoleucine 0.034 0.029
17.  Leucine 0.021 0.031
18.  Tryptophan 0.030 0.007
19.  Phenylalanine 0.516 0.083
20.  Lysine 0.010 0.027
Total 2.678 0.706

3.6. Proposed Mechanism of ZnO-NPs Formation Mediated by Plant Extract

Amino acids play a complex and multifunctional role in the process of biosynthesis of
ZnO-NPs, ensuring both the initial stage of particle formation and their further stabilization.
Due to the presence of various functional groups carboxyl, amino groups, and in some cases
sulthydryl amino acids can effectively interact with zinc ions (Zn*"), forming coordination
complexes. These complexes play a key role at the nucleation stage, contributing to the
directed precipitation and crystallization of ZnO. Amino acids with polar side chains, such as
aspartic and glutamic acids, are of particular importance, as they can stabilize the forming
nanoparticles by forming hydrogen bonds and electrostatic interactions with ions on the
particle surface (Liu et al., 2010; Singh et al., 2018). In addition, amino acids containing amino
groups (for example, arginine, lysine) take part in the spatial stabilization of nanostructures,
preventing particle aggregation by forming a strong protective shell. Some amino acids, such
as cysteine and methionine, due to the presence of thiol or thioether groups, can not only
stabilize the surface of nanoparticles, but also influence their growth, morphology, and crystal
structure (Sandmann et al., 2015). In turn, non-polar amino acids (alanine, proline) provide
additional stabilization of the particles through hydrophobic interactions, especially in aqueous
medium, promoting the formation of more homogeneous and stable nanostructures. Thus,
amino acids act as natural agents simultaneously influencing the mechanism of nanoparticle
formation, their size, shape, and stability. Their participation in the process of ZnO-NPs
biosynthesis makes it possible to obtain functional nanomaterials with controlled parameters
without the use of toxic chemical reagents, which is especially relevant for biomedical and
pharmaceutical applications (Mahakal et al., 2023).
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The results of the conducted study confirm the high efficiency of the plant extract S.
iscanderi as a biogenic agent in the synthesis of ZnO-NPs via the “green” synthesis method. It
was established that the biochemical compounds present in the extract, such as flavonoids,
carbohydrates, and amino acids, actively participate in the reduction and stabilization processes
of nanostructures. Amino acids play a particularly important role, as they are capable of
forming coordination complexes with zinc ions due to their carboxyl, amino, and other
functional groups, thereby ensuring directed nanoparticle precipitation and stabilization
(Molina et al., 2011). The decrease in the content of certain amino acids such as aspartic acid,
glutamic acid, serine, and others in the substance with nanoparticles compared to the initial
extract may indicate their active involvement in the reaction. Similarly, the reduction in the
concentration of flavonoids (apigenin, quercetin, rutin, luteolin) confirms their participation in
the reduction and stabilization of nanoparticles. This is consistent with the literature data
emphasizing the role of flavonoids as antioxidants and natural stabilizers (Sandra and Martins,
2021).

Nevertheless, an interesting observation was the increase in the content of certain amino
acids in the suspension containing ZnO-NPs compared to the initial aqueous extract of S.
iscanderi. The most significant increase in concentration was recorded for amino acids such as
proline, tyrosine, histidine, and leucine. This may be due to several factors. First, during the
synthesis of nanoparticles, partial hydrolytic cleavage of proteins or peptides contained in the
plant extract may occur under the influence of temperature, pH, and the presence of metal ions.
This, in turn, leads to the release of free amino acids, which is detected during analytical
determination. Second, the release of amino acids from complex glycoprotein or phenolic
conjugates, which in the original extract were in bound, insoluble, or inactive forms, is possible.
During biosynthesis, these compounds may undergo modification, releasing amino acids in a
soluble form (Singh et al., 2018). Third, it is not excluded that part of the amino acids may
have been desorbed from the surface of the nanoparticles due to a change in the medium
conditions (for example, upon addition of NaOH), which could also contribute to the increase
in their concentration in the free phase. Thus, the increase in the content of individual amino
acids after the synthesis of nanoparticles can be considered a result of the breakdown of
macromolecules and the activation of the previously bound amino acid pool, which does not
contradict known mechanisms of plant-based nanoparticle biosynthesis.

It has been established that an increase in the extraction temperature contributes to more
complete flavonoid extraction, which directly affects the efficiency and rate of nanoparticle
biosynthesis (Buniyamin et al., 2024). The fastest nanoparticle formation was observed at a
temperature of 50°C and an extract-to-zinc acetate ratio of 3:2, which can be considered the
optimal synthesis conditions. FTIR spectroscopy revealed characteristic absorption bands
indicating the involvement of functional groups of phenolic compounds, proteins, and
carbohydrates in the formation of nanostructures. UV spectra demonstrated the successful
formation of ZnO-NPs with a characteristic absorption maximum at 370 nm, consistent with
the literature data (Haji et al., 2025). Moreover, this study confirms the involvement of
carbohydrates such as fructose, glucose, and sucrose in the process of nanoparticle formation,
as evidenced by their increased content in the final substance. Plant-derived sugars present in
the extracts play a significant role in the biogenesis of metallic nanoparticles. Among them,
monosaccharides such as glucose, which possesses a linear structure with an aldehyde group,
can directly act as reducing agents and initiate nanoparticle formation. Ketoses, including
fructose, exhibit reducing activity only after tautomerization accompanied by a transition from
the ketone to the aldehyde form, which limits their reducing capacity due to kinetic factors
(Makarov et al., 2014).

The reducing potential of disaccharides and polysaccharides is largely determined by the
ability of their monomeric units to adopt an open-chain structure, allowing access to functional
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groups capable of reducing metal ions. For example, disaccharides such as lactose and maltose
display reducing activity, whereas sucrose due to the glycosidic bond between glucose and
fructose, which prevents ring opening does not exhibit such activity. However, when using
stronger acidic reducing agents, such as tetrachloroauric or tetrachloroplatinic acid, hydrolysis
of sucrose is possible, leading to the formation of free monomers capable of participating in
nanoparticle synthesis (Panigrahi et al., 2004). It is assumed that the mechanism of metal ion
reduction involves oxidation of the sugar’s aldehyde group to a carboxyl group through
nucleophilic attack by hydroxide ions, which in turn leads to the formation of metallic
nanoparticles. A similar mechanism has been described for the biosynthesis of nanoparticles
using plant extracts such as Schisandra extract (Shankar et al., 2003).

Thus, the use of a “green” synthesis method employing S. iscanderi extract enables the
production of stable ZnO-NPs with high efficiency and potential for pharmaceutical and
biomedical applications. The conducted study highlights the promise of biosynthesis as a
sustainable, scalable, and environmentally safe alternative to traditional physico-chemical
nanoparticle synthesis methods.

4. CONCLUSION

The results of this study show that the aqueous extract of S. iscanderi can be successfully
used as a natural agent with both reducing and stabilizing properties for the green synthesis of
ZnO-NPs. The biologically active compounds in the extract flavonoids, amino acids, and
carbohydrates play a central role in the reduction of zinc ions and the formation of
nanostructures. FTIR and UV-Vis spectroscopy confirmed that ZnO-NPs were synthesized and
that functional groups of natural compounds are involved in their stabilization. A comparative
chemical analysis before and after synthesis showed a decrease in several amino acids and
flavonoids, proving that they were consumed in nanoparticle formation. At the same time,
some amino acids increased in concentration, most likely because proteins were hydrolyzed
and released bound amino acids into the solution. The results also demonstrated that
monosaccharides and disaccharides take part in the reduction process. This is explained by
their ability to adopt an open-chain structure and show reducing activity. The best conditions
for ZnO-NP synthesis were observed at 50°C with an extract-to-zinc acetate ratio of 3:2. These
optimized parameters make the process efficient and reproducible. Overall, the findings
highlight S. iscanderi as a promising plant-based resource for eco-friendly, scalable, and cost-
effective nanoparticle synthesis. Such nanostructures have wide potential for applications in
pharmaceutical, agricultural, and biomedical fields. Future research should investigate the
biological properties of the synthesized ZnO-NPs, improve large-scale production methods,
and explore their practical use in medicine and biotechnology.
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