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To investigate the anti-tyrosinase and angiogenic properties of zinc oxide
nanoparticles (ZONPs), an aqueous extract prepared from the aerial parts of
Peucedanum knappii Bornm., known to be rich in glycosylated phenolics and
polyphenolics, was employed for the green synthesis of ZONPs. The ZONPs
were produced by adding a Zn salt solution to the aqueous of the plant.
High—performance liquid chromatography (HPLC) was employed to examine
chromatographic changes in the extract before and after nanoparticle formation.
The synthesized ZONPs were comprehensively characterized using UV-Visible
spectroscopy, Fourier transform infrared (FTIR) spectroscopy, scanning electron
microscopy (SEM), and X-ray diffraction (XRD). The effect of ZONPs on tyrosinase
enzyme activity was assessed through an in vitro mushroom tyrosinase inhibition
assay, whereas their angiogenic potential was evaluated in vivo using the chicken
chorioallantoic membrane (CAM) assay. The results confirmed the successful
green synthesis of ZONPs utilizing P. knappii agueous extract (PAE). HPLC analysis
indicated that multiple phytochemicals present in PAE contributed to nanoparticle
formation. Characterization data revealed that the ZONPs exhibited a hexagonal
crystalline ZnO structure with an average crystallite size of 19.98 nm. The
nanoparticles showed notable anti-tyrosinase activity, with an I1Cso value of 143.28
ug/ml, and promoted angiogenesis in the CAM assay at concentrations between
125 and 250 pg/ml without inducing toxicity. Overall, these findings demonstrate
that PAE acts as an effective reducing, capping, and stabilizing agent in the green
synthesis of ZONPs, which possess promising biological properties for potential
applications in skin-whitening cosmetics and wound-healing formulations.
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INTRODUCTION

In recent decades, nanotechnology has created
a new path in the design and synthesis of materials
in various fields, including chemistry, medicine,
agriculture, electronics, and physics. Compared
with  bulk materials, nanoparticles (NPs)
display distinct physicochemical and biological
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characteristics that significantly enhance their
performance in various scientific and technological
domains [1, 2]. Among them, metal oxide
nanoparticles have gained considerable attention
for their crucial roles in biomedical applications,
particularly in drug delivery, biosensors and
imaging technology [3, 4]. Despite their potential,
conventional chemical synthesis methods for
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nanoparticles often rely on hazardous chemicals
and conditions, leading to environmental and
biological risk. To overcome these limitations,
researchers have increasingly focused on green
synthesis strategies, which are recognized for their
economic feasibility, non-toxicity, simplicity, and
environmental sustainability [5-7].

Recent studies indicate that nanoparticles (NPs)
synthesized using plants exhibit faster formation
and greater stability compared to those produced
by other organisms. The shape and size of NPs
produced by plants differ from those created by
various organisms. The synthesis of nanoparticles
using plant-based systems provides multiple
benefits compared to other biological sources such
as bacteria, algae, fungi, and yeasts, as it tends to be
safer, more environmentally friendly, economical,
and sustainable (7, 8].

In green synthesis, the active biomolecules
found in plant extracts serve as both reducing and
stabilizing agents for metal nanoparticles, allowing
their formation without generating harmful by-
products. For example, when aqueous plant extracts
rich in free hydroxyl (OH) groups from phenolic
and polyphenolic compounds are added to zinc
salts such as acetates, nitrates, or sulfates, zinc-
phenolic complexes are produced. These complexes
promote the reduction of Zn** ions and facilitate
the synthesis of zinc-based nanoparticles [8-10].
Zinc oxide is acknowledged as a safe substance
by the US. Food and Drug Administration
(FDA), and zinc oxide nanoparticles (ZONPs)
are classified by the FDA as a “GRAS” (Generally
Recognized As Safe) ingredient [10]. Among
metal oxide NPs, ZONPs are generally utilized in
many biomedical fields because of their unique
physicochemical characteristics, low toxicity, and
good biocompatibility [11]. Numerous reports
indicate that ZONPs derived from polyphenolic
extracts  exhibit  significant  antimicrobial,
anticancer, antioxidant, anti-aging, anti-diabetic,
anti-inflammatory, and angiogenic effects [12-15].

The process of wound healing involves
four partially overlapping phases: hemostasis,
inflammation, proliferation, and remodeling.
Throughout these phases, the body repairs
damaged cells and tissues. In the proliferative
phase, angiogenesis increases oxygen and nutrient
flow to the wound, accelerating healing. Moreover,
post-inflammatory hyperpigmentation frequently
occurs in patients with wounds, particularly in
cases of burn injuries, causing dark spots or patches
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on the skin due to excessive melanin production
during the healing process [16, 17].

Over the past decade, several studies have
individually demonstrated that ZONPs can enhance
wound healing and inhibit tyrosinase activity at low
doses [15, 18]. Currently, there is a lack of research
evaluating the effects of ZONPs synthesized
through green method on both tyrosinase activity
and angiogenesis. In this research, ZONPs were
synthesized via a green method using an aqueous
extract from the aerial parts of Peucedanum
knappii, a native fennel species rich in glycosylated
phenolics and polyphenolics [19]. The synthesized
nanoparticles  were  characterized  through
spectroscopic and microscopic analyses, including
UV-Vis, FTIR, SEM, and XRD. Their biological
activity was assessed by examining their inhibitory
effects on tyrosinase in vitro and their influence on
angiogenesis in vivo, to evaluate their potential for
treating hyperpigmentation and enhancing wound
healing.

MATERIALS AND METHODS
Chemicals

Mushroom tyrosinase, kojic acid, potassium
dihydrogen phosphate, dipotassium hydrogen
phosphate, dimethyl sulfoxide (DMSO), zinc
acetate dihydrate (Zn(CH;COO);-2H,0), and
sodium hydroxide (NaOH) were obtained from
Sigma-Aldrich (USA). All other analytical-grade
reagents and solvents were purchased from Merck
(Germany).

Preparation of Aqueous Plant Extract

Aerial parts of Peucedanum knappii Bornm.
were collected from their natural habitat in West
Azerbaijan Province, Iran, and authenticated at the
Herbarium of the Department of Pharmacognosy,
Tehran University of Medical Sciences (TUMS),
where a voucher specimen (No. 6669 TEH) was
deposited. The dried plant material was finely
powdered, and 30 g of the powder was subjected
to percolation using a methanol-water mixture
(80:20, v/v). The obtained hydroalcoholic extract
was concentrated under reduced pressure using
a rotary evaporator. The resulting residue was
dissolved in distilled water and sequentially
partitioned with hexane, dichloromethane, ethyl
acetate, and finally water. The aqueous fraction
was filtered through Whatman No. 1 filter paper,
freeze-dried, and stored at low temperature until
further use.
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Green Synthesis of ZONPs.

Based on the established green synthesis
protocol for metal oxide nanoparticles (12),
ZONPs were produced using zinc acetate as a
precursor and P. knappii aqueous extract (PAE) as
the reducing and stabilizing agent. A 0.1 M zinc
acetate solution was prepared with double-distilled
water, and 190 ml of this solution was heated to 80
°C under constant stirring. To this, 10 mL of 0.1
M PAE was gradually introduced, followed by 12
ml of 4 M NaOH to attain a reaction pH of 12.5.
After incubation at room temperature for 24 hours,
a white precipitate was formed. The product was
centrifuged at 5000 rpm for 20 minutes (repeated
three times) and washed thoroughly with distilled
water and ethanol to remove residual impurities.
The purified material was air-dried for 24 hours
and then oven-dried at 100 °C for 4 hours, yielding
0.67 g of white ZONP powder.

HPLC Analysis

Upon completion of nanoparticle synthesis,
the supernatant containing the residual P. knappii
aqueous extract (RPAE) was collected. Both PAE
and RPAE were analyzed using a Knauer 1260
series HPLC sysem equipped with a diode array
detector (DAD) and C18 column (4.6 mm x 250
mm, 5 um). Stock solutions of PAE and RPAE were
prepared by dissolving 1 mg of each dried extract
in 1 mL of deionized water. The HPLC mobile
phase consisted of solvent A (water) and solvent
B (methanol), delivered at a flow rate of 1 ml/min.
A linear gradient program was applied as follows:
0-10 min, 100% A; 10-20 min, 80% A and 20% B;
and 20-60 min, 100% B. Detection was performed
using a multi-wavelength detector set at 254 nm,
with the column maintained at 25 °C. Before
injection, all samples were filtered through 0.45
pm syringe filters. The injection volume for each
sample was 20 pl.

UV-Visible Spectroscopy Analysis

The formation of ZONPs was confirmed by
recording their UV-Vis absorption spectra using
a Shimadzu UV-Vis Spectrophotometer-1800
(Japan). The nanoparticles were dispersed in
deionized water and subjected to ultrasonic
irradiation for 15 minutes to ensure uniform
suspension. Absorption spectra of both PAE and
the synthesized nanoparticles were measured
over a wavelength range of 200-800 nm at room
temperature.
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FT-IR Spectroscopy Analysis

FT-IR analysis was conducted using a Bruker
FT-IR spectrometer to identify the functional
groups present in ZONPs and the phytochemicals
involved in their reduction and stabilization. The
spectra of both PAE and the synthesized ZONPs
were recorded using the KBr pellet method over a
wavenumber range of 4000-400 cm™". This analysis
allows the detection of characteristic absorption
bands corresponding to specific functional groups
that play a role in nanoparticle formation and
stabilization.

Scanning Electron Microscopy (SEM) Analysis

SEM analysis was performed on a HITACHI
S-4500 to study the size and morphology of
ZONPs. The nanoparticles were first suspended
in 96% ethanol and sonicated for 15 minutes to
ensure uniform dispersion. A small portion of
the suspension was then deposited onto a surface,
and the solvent was allowed to evaporate at room
temperature before capturing SEM images.

X-Ray Diffraction (XRD) Analysis

The crystalline structure, size, and purity
of ZONPs were analyzed by X-ray diffraction
(XRD) using a PHILIPS X'Pert Pro (PW3064)
diffractometer. XRD patterns were obtained at room
temperature with Cu Ka radiation (A = 1.54184 A),
under a voltage of 30 kV and a current of 30 mA,
scanning the 26 angular range of 20-100°.

Biological Assays
Tyrosinase Inhibitory Activity Assay

To assess the capacity of ZONPs to inhibit the
tyrosinase activity, a spectrophotometric method
was employed in 96-well plates [19]. A total of
200 pl assay mixture was prepared, containing
ZONPs at concentrations of 62.5-500 pg/ml,
50 mM phosphate buffer (pH 6.8), and 125 U/
ml mushroom tyrosinase. The mixture was pre-
incubated at 37 °C for 10 minutes, after which 2
mM L-tyrosine was added to start the reaction.
The reaction proceeded at room temperature for
30 minutes, and the absorbance was measured
at 475 nm. Kojic acid was included as a standard
tyrosinase inhibitor for comparison, and all assays
were performed in triplicate.

In vivo Chicken Chorioallantoic Membrane (CAM)

Assay
The chick chorioallantoic membrane (CAM)
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model is widely used to investigate angiogenesis
in both wound healing and tumor biology [20, 21].
Twenty fertilized Hy-Line W-80 eggs were first
disinfected with alcohol and randomly assigned to
five groups: a vehicle control group (PBS), a negative
control group (1% DMSO), and three treatment
groups receiving ZONPs at 125, 250, or 500 ug/ml.
The eggs were incubated at 37.5°C with 60-65%
humidity and automatically rotated. On day 3 of
incubation, under sterile conditions, a small hole was
made at the bottom of each egg, and 3 ml of albumen
was removed using a syringe; the hole was then sealed
with adhesive tape. A 1 cm® window was created on
the side of each egg, which was subsequently sealed
and returned to the incubator maintained at 37.5 °C
and 70% humidity. On day 7, 10 pl of the assigned
sample was applied to each experimental group under
aseptic conditions. The windows were resealed, and
the eggs were incubated for an additional 48 hours.
On day 9, eggshells were carefully removed, and all
CAMs were examined both macroscopically and
microscopically. Quantitative measurements of blood
vessel number and length were performed using
Image] software, based on images captured with an
Optica SZM-LED1 research stereomicroscope (Italy).
Embryo viability was reassessed on day 11 to finalize
the study.

Statistical Analysis

Statistical evaluation of the CAM assay (n = 4)
was carried out using one-way ANOVA, followed
by Dunnetts post hoc test. For the tyrosinase
inhibition assay (n = 3), linear regression
analysis was employed. Data are expressed as
mean * standard deviation, and differences were
considered statistically significant at p < 0.05. All
analyses were performed using GraphPad Prism 8
software. Additionally, the particle size distribution

of ZONPs was plotted using Microsoft Excel.

RESULTS
HPLC Analysis Chromatogram of PAE Before and
After Green Synthesis

In this study, HPLC was used to observe the
changes in PAE chromatogram before and after
ZONPs formation. The HPLC chromatograms
of PAE (Figure Sla) showed three major peaks
at 19.5, 29.5, and 42 min, along with other peaks
between 16 and 47 min, while the chromatogram of
RPAE (Figure S1b) did not show these peaks. The
absence of these peaks in the RPAE chromatogram
indicates the involvement of these biomolecules in
the synthesis of ZONPs. However, the analysis and
structural elucidation of these compounds were not
performed in this study.

Visual Observation Green Synthesis of ZONPs
UV-Visible Absorption Spectral Analysis of PAE and
the Synthesized ZONPs

The pale white ZONPs were produced from
PAE using a green synthesis approach. While
the precise mechanism behind nanoparticle
formation remains unclear, it is understood that
during the green synthesis of ZONPs, zinc ions
(Zn**) interact with components of the extract,
promoting their reduction to ZnO. To confirm the
visual observations of ZONPs formation, UV-Vis
absorption spectrophotometric ~measurements
were carried out on the aqueous extract and the
suspension of ZONPs in deionized water. The
UV-Vis analysis of the aqueous extract showed
absorption peaks at 254 and 320 nm, suggesting
the presence of aromatic compounds, including
phenolics and flavonoids [22], as shown in Figure
la. A maximum absorption peak was observed at
373 nm for ZONPs, as shown in Figure 1b.
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Fig. 1. UV-Vis absorption spectra of (a) P. knappii aqueous extract (PAE) and (b) the green synthesized ZONPs.
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Fig. 2. FT-IR spectra recoded from KBr pellets containing dry powder samples of (a) P. knappii aqueous extract (PAE) and (b) the green
synthesized ZONPs.

FT-IR Analysis of PAE and the Synthesized ZONPs

FT-IR studies were conducted on PAE
and synthesized ZONPs to identify potential
biomolecules in PAE and the functional groups
responsible for the reduction and stabilization of
NPs (Figure 2).

The broad absorption bands at 3408 and 3411
cm™ are attributed to O-H stretching, indicating
the presence of hydroxyl groups in phenolic,
polyphenolic, and glycoside compounds. The
band observed at 2934 cm™ corresponds to C-H
stretching vibrations. Peaks around 1700 cm™
are characteristic of C=0 stretching. The bands
at 1624 cm™ and 1628 cm™" are associated with
C=C stretching vibrations within the aromatic ring
system, while the sharp, intense peak at 1412 cm™
further confirms aromatic C=C stretching. Finally,
the absorption near 1048 cm™ can be assigned
to C-O stretching or C-H bending in alkane
groups (Figure 2a). The FT-IR spectrum of ZONPs
revealed that the OH stretching plays a major role
during the formation of ZONPs (Figure 2b). The
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frequencies of bands between 1300-1700 cm™
clearly decrease in intensity in the ZONPs spectrum
due to the attachment of the functional groups such
as C=0, C=C, and C-O. The band at 911 cm™* may
indicate the presence of ~CH stretching vibrations
that are linked to ZnO. In addition, the absorption
bands between 400 and 500 cm™ are assigned to
the successful Zn-O formation in the ZONPs.

SEM Analysis

SEMwasemployedtoexaminethemorphology
and particle size of the green synthesized ZONPs.
According to the SEM images (Figure 3a), the
surface morphology and shape of ZONPs were
almost spherical and clearly showed particle
aggregation, which probably occurred during
the drying process. The nanoparticle sizes were
found between 20 and 80 nm, as calculated using
Image] software. The particle size distribution
histograms indicate that the green-synthesized
ZONPs have an average size of approximately 44
nm (Figure 3b).
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Fig. 3. (a) SEM images of the green synthesized ZONPs. (b)The particle size distribution graph of ZONPs with the average diametre
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Fig. 4. X-ray diffraction patterns of the green synthesized ZONPs.

XRD Analysis

XRD studies were conducted to determine
the crystal phase of the nanoparticles (Figure 4).
Intense diffraction peaks were observed at 20 values
of 31.68° , 34.32°, 36.17°, 47.45°, 56.52°, 62.77°,
67.88°,69.03°, 89.55° and 95.26°, which correspond
to the (100), (002), (101), (102), (110), (103), (112),
(201), (104), (203) diffraction lattice planes (h, 1, k),
respectively, confirming the hexagonal structure of
the synthesized NPs [23]. These peaks are matched
with the code number 96-900-8878 from the
XRD software library, and the peaks’ pattern is in
complete agreement with the reference.

The absence of additional diffraction peaks
confirms the phase purity of the ZONPs. Due to the
crystalline nature of the synthetic NPs, the available
peaks are sharp and the separation between the
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peaks is excellent, indicating a single-phase crystal
structure. The average crystallite size was calculated
using Debye-Scherrer’s equation, D = kA /Bcos6. In
this equation, D represents the average crystallite
size, \ is the wavelength of the X-ray (A=1.54184
A) for Cu Ka radiation, k is a shape factor typically
taken as 0.89, B is the peak full width at half
maximum (FWHM) of the diffraction peak, and 0
is the Bragg angle. . Using this formula, the average
crystalline size of the ZONPs was estimated to be
approximately 19.98 nm.

Tyrosinase Inhibitory Activity

The effect of ZONPs on mushroom tyrosinase
inhibition was evaluated in different concentrations
(62.5-500 pg/ml) (Figure 5). The results showed
that the tyrosinase inhibition was increased in a
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Fig. 6. Representative images showing the angiogenic effects of various treatment groups on CAM assay on day 9. (a) CAM treated with
PBS (vehicle control group). (b) CAM treated with 1% DMSO (negative control group). (c) CAM treated with ZONPs at 125 pg/ml. (d)
CAM treated with ZONPs at 250 pg/ml. (e) CAM treated with ZONPs at 500 pg/ml.

dose-dependent manner, with an IC, = 143.28 ug/
ml. Kojic acid as a positive control showed better
anti-tyrosinase activity (IC_ = 16.79 pg/ml).

CAM Assay

Angiogenesis activity can be evaluated through
CAM assay using angiogenesis indicators, such as
the number and length of newly formed arterioles.
After treatments on 9-day-old CAMs, each CAM
was fixed and photographed (Figure 6). Treatment
with ZONPs at 125 and 250 pg/ml increased the
number of blood vessels by over 50% compared to
the control. In contrast, no significant difference in
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vessel number was observed between the control
group and the group treated with 500 ug/ml ZONPs
(Figure 7a). Regarding total vessel length, ZONPs
at 125 and 250 ug/ml did not produce a significant
change relative to the control, whereas treatment
with 500 pg/ml resulted in a 27% reduction (Figure
7b). In the negative control group treated with 1%
DMSO, both number and length of vessels showed
a significant reduction (P <0.001) (Figures. 8a & b).
Based on the CAM assay, the highest concentration
of ZONPs significantly suppressed angiogenesis
when compared with the group. After the 11-day
experimental period, the PBS vehicle control group
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Fig. 7. Results of the morphometric analysis on CAM assay after treatment with the different concentrations of the green synthesized
ZONPs and 1% DMSO on day 9 using Image] software. (a) % of control number vessels (b) the total length of vessels compared with
the control group (PBS). Significant differences compared with the control * (P<0.05); *** (P<0.001). Data expressed as mean + SD.

showed no signs of toxicity. In contrast, noticeable
morphological alterations were observed in the
embryos treated with DMSO and those exposed to
500 pg/mL of ZONPs. The specific data regarding
these morphological changes were not presented in
the results.

DISCUSSION

Current wound treatments primarily focus
on preventing infection and accelerating the
hemostasis process; however, patients continue
to experience post-treatment complications such
as scarring and pigmentation (darkening) at
the wound site. Hyperpigmentation often arises
during the inflammatory phase and this condition
frequently lingers into the proliferation and
remodeling stages [17]. During the proliferation
phase of wound healing, angiogenesis plays a
crucial role as a key biological mechanism that
facilitates tissue repair. This process is modulated
by multiple growth factors and pro-inflammatory
cytokines, which stimulate endothelial cell
activation, proliferation, and migration, ultimately
leading to the formation of new blood vessels [24].
Nanotechnology, an advanced branch of science
that manipulates materials at the nanoscale (1-100
nanometers), provides unique physicochemical
properties and innovative applications [15].

In agreement with earlier studies, ZONPs have
demonstrated effectiveness in promoting wound
healing through multiple mechanisms, including
antimicrobial and anti-inflammatory activities,
stimulation of cell migration, enhancement of
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angiogenesis, and facilitation of tissue regeneration
[15, 23]. Furthermore, previous findings
indicated that ZONPs enhance angiogenesis by
downregulating the expression of inflammation-
associated genes while upregulating the expression
of vascular endothelial growth factor A (VEGF-A)
genes [25].

In the present study, ZONPs were synthesized
using plant extract along with zinc salt solution.
A previous study showed that P. knappii is rich in
phenolic and flavonoid glycosides [19]. Analysis
of the HPLC chromatogram of PAE revealed
the contribution of several phytochemicals in
the synthesis of ZONPs, which probably had a
reducing and stabilizing effect during the green
synthesis process. The UV-Vis spectroscopy results
confirmed the successful synthesis of ZONPs using
PAE, showing a characteristic absorption peak at
373 nm. This observation aligns well with previous
studies [26-28]. FTIR analysis revealed the
presence of flavonoids and phenolic compounds in
the aqueous extract, which played a key role in the
reduction, formation, and stabilization of ZONPs
[29]. These findings are consistent with earlier
published reports [21, 22].

SEM and XRD analyses confirmed that the
synthesized ZONPs possessed a well-defined
morphology and a pure hexagonal crystalline
structure, which is consistent with findings
reported in previous studies [26-31]. However, the
observed increase in particle size in SEM images
was attributed to overlapping and aggregation of
nanoparticles. Previous reports have described
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that nanoparticle aggregation can reduce the active
surface area and alter physicochemical properties,
thereby decreasing their penetration into target
tissues and cells and ultimately reducing drug
delivery efficiency [31, 32]. Additionally, aggregated
nanoparticles may provoke immune responses,
cause local inflammation, and induce toxicity. To
reduce nanoparticle aggregation and improve their
biomedical effectiveness, surface modification can
be achieved by adjusting factors such as the pH of
the solution, reaction temperature and time, and
the concentrations of salts and extracts, along with
using stabilizing agents like surfactants, water-
soluble polymers, or phospholipids [33, 34].

For a long time, tyrosinase inhibitors have
been used in cosmetic and medicinal products
for the treatment of hyperpigmentation. In this
research, the anti-tyrosinase effect of ZONPs
was assessed against mushroom tyrosinase, with
an IC_ of 143.28 ug/ml, which is weaker than
that of kojic acid but comparable to the anti-
tyrosinase activity previously reported for the use
of ZONPs. Ekennia et al. [29] described ZONPs
synthesized from Alchornea laxiflora leaf extract
as having good anti-tyrosinase activity with an
IC,, of 66.28 pg/ml. In another study, Raajshree
et al. [18] found that ZONPs synthesized using
Turbinaria conoides inhibited tyrosinase activity
by nearly 75% at a concentration of 250 pg/ml.
The observed differences in tyrosinase inhibitory
potency between green-synthesized ZONPs
and kojic acid may be attributed to disparities in
their physicochemical properties and modes of
interaction with the enzyme. Green-synthesized
ZONPs are capped with phytochemicals derived
from plant extracts, which modify their surface
chemistry and impart bioactive functional groups
that interact with tyrosinase differently than kojic
acid, a small molecule that directly chelates copper
ions in the enzyme’s active site. Furthermore, the
stability and dispersibility of ZONPs influence their
inhibitory efficacy, as nanoparticle aggregation
reduces the available active surface area [29, 35].

The chicken embryo angiogenesis assay
indicated that low concentrations of ZONPs
significantly enhanced blood vessel formation
without inducing toxicity in treated embryos,
suggesting their potential to promote wound
healing; however, higher concentrations produced
the opposite effect. Previous research has shown that
both the angiogenic [36, 37] and anti-angiogenic
[38, 39] activities of ZONPs are strongly influenced
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by their intrinsic characteristics, physicochemical
properties, and surrounding environmental
conditions [40]. According to Shabestarian et al.
[41], the effect of zinc oxide nanoparticles (ZONPs)
on angiogenesis is concentration-dependent, as
demonstrated by the chorioallantoic membrane
(CAM) assay. Within the concentration range of
0 to 500 ug/ml, ZONPs exhibited anti-angiogenic
behavior by downregulating the expression of
vascular endothelial growth factor (VEGF) and its
receptor (VEGFR). Conversely, at concentrations
greater than 500 pg/ml, ZONPs indicated pro-
angiogenic activity, highlighting the complex role
of these nanoparticles in modulating angiogenic
processes. However, since high concentrations of
ZONPs also induce toxicity in the CAM model, it is
critical to carefully optimize the dosage to balance
therapeutic angiogenesis modulation with the risk
of cytotoxicity. The potential mechanisms behind
ZONPstoxicity athigher concentrationsinthe CAM
model likely arise from oxidative stress mediated
by reactive oxygen species (ROS), Zn** ion release,
inflammation, and mitochondrial dysfunction
leading to cell death. These mechanisms emphasize
the importance of dose optimization to ensure the
safe therapeutic application of ZONPs [42].

The findings suggest that nanoparticles,
depending on the source of reducing agent
and concentration, can have a dual role in
angiogenesis, thereby emphasizing the need for a
more comprehensive investigation of their effects
on angiogenic processes to optimize therapeutic
outcomes.

CONCLUSIONS

In the present study, green synthesized ZONPs
were assessed using P. knappii aqueous extract to
investigate their anti-tyrosinase and angiogenic
effects. The extract served as an effective reducing,
capping, and stabilizing agent in the green
synthesis of ZONPs. The successful formation of
ZONPs was verified through UV-Vis spectroscopy
and further supported by FTIR analysis. SEM
examination revealed that the nanoparticles
exhibited a quasi-spherical morphology and
uniform size distribution, while XRD analysis
confirmed the crystalline structure, validating
the efficiency of the green synthesis method.
Evaluation of anti-tyrosinase activity indicated
that ZONPs may play a potential role in regulating
melanin synthesis by inhibiting tyrosinase;
however, additional in vivo studies are required
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to substantiate the in vitro findings. Additionally,
the ZONPs can also stimulate angiogenesis, but
further investigations are necessary to determine
the optimal concentration of ZONPs for maximum
effectiveness. Therefore, the ZONPs synthesized
from P, knappii aqueous extract are recommended
as effective pharmaceutical agents in skin
whitening cosmetic products and wound healing
formulations.
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