DE GRUYTER

Green Processing and Synthesis 2025; 14: 20250004

Research Article

Neha Rana, A. Najitha Banu*, Rudradeb Sarkar, Ankush M. Raut, Amine Assouguem®,
Ghadeer M. Albadrani, Muath Q. Al-Ghadi, Amany A. Sayed, and Mohamed M. Abdel-Daim

Green synthesis of sea buckthorn-mediated ZnO
nanoparticles: Biological applications and acute

nanotoxicity studies

https://doi.org/10.1515/gps-2025-0004
received January 05, 2025; accepted July 16, 2025

Abstract: Plant-based nanoparticle synthesis is the pri-
mary focus of modern nanotechnology to reduce the toxi-
city risk and ensure environmental safety. Zinc oxide
nanoparticles (ZnO-NPs) were synthesized in the present
investigation using an aqueous extract composed of sea
buckthorn berries, adopting a biogenic approach. The
green synthesized ZnO nanoparticles (NPs) exhibited a sig-
nificant absorption peak near 370 nm in the UV-Vis spec-
trum. Fourier transform infrared study revealed the func-
tional moieties responsible for the stability and capping of
Zn0-NPs. The average particle size of the synthesized ZnO-
NPs was 52.6 + 12.51nm, and their morphologies ranged
from spherical to irregular, as indicated by the field emis-
sion scanning electron microscopy analysis. X-Ray diffrac-
tion study revealed the hexagonal wurtzite-structured NPs
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with an average particle size of 19.2 nm. The zeta potential
of -20 mV indicated the colloidal stability of synthesized
NPs. The biogenic ZnO-NPs were assessed for their antiox-
idant, antidiabetic, and anti-lipid peroxidation potential,
where ZnO-NPs have shown better activity than the berry
extract. Notably, the antimicrobial efficacy of the synthesized
ZnO-NPs was observed against Gram-positive bacteria
Staphylococcus aureus MTCC 3160 and Gram-negative bac-
teria Escherichia coli MTCC 1698, with the zone of inhibition
observed as 18 + 0.23 mm and 39 + 1.24 mm, respectively. The
minimum inhibitory concentration for S. aureus and E. coli
was reported to be 0.5 and 1.0 mg'mL ", respectively. The LCs,
for Daphnia was reported to be 16.09 mg-mL ™, confirming the
safety of the green-synthesized ZnO-NPs.

Keywords: green synthesis, Sea buckthorn, characteriza-
tion, antioxidant, anti-diabetic, anti-lipid peroxidant, anti-
bacterial, nanotoxicity

1 Introduction

Phytonanotechnology harnesses bioactive compounds like
alkaloids, flavonoids, polyphenols, proteins, and enzymes
from plants. These phytochemicals act as reducing, cap-
ping, and stabilization of nanoparticles (NPs). Plants have
a rich repository of phytoconstituents that are frequently
used in the synthesis of various metal-based NPs. The sec-
ondary metabolites present in the plants contain carbonyl,
hydroxy, and amine functional groups that reduce them
into nanoscale particles in reaction with metal ions [1].
Apart from bioreduction, the phytoconstituents act as sta-
bilizing and capping agents, increasing the synthesized
nanoparticles’ biocompatibility [2,3]. Researchers have
increasingly adopted green synthesis approaches utilizing
various plant parts to minimize the environmental impact
and health issues associated with traditional physical and
chemical synthesis methods [4]. Conventional physico-
chemical techniques employed in the fabrication of
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nanostructures involve the exploitation of toxic materials
and specific reaction conditions (high temperature and
pressure) [5]. These techniques are environmentally hazar-
dous, energy-intensive, and threaten the ecosystem. Conse-
quently, the use of plants has embarked on the facile,
cost-effective, biocompatible, scalable, and eco-friendly
synthesis of NPs, leading to phyto nanotechnology [6].

Nanotechnology encompasses creating and utilizing
materials at the nanoscale (ranging from 1 to 100 nm),
where particles exhibit unique properties owing to their
large surface area-to-volume ratio [7,8]. The unique char-
acteristics of ZnO-NPs, such as a high exciton binding
energy and a wide bandwidth, have attracted significant
attention in recent studies [9]. ZnO-NPs have exceptional
semiconductor characteristics due to their wide bandgap
(3.37eV) and significant exciton binding energy (60 eV).
These features confer catalytic activities, photonic capabil-
ities, UV filtration, anti-inflammatory effects, and wound-
healing powers. Consequently, ZnO-NPs find applications
in diverse sectors such as electronics, optics, cosmetics
(e.g., sunscreen lotions), medicine, biosensing, and
agronomy. The synthesis of nanomaterials offers an
innovative base in the biomedical domain with diverse
applications. ZnO-NPs possess vast potential in tremendous
biological applications, including antioxidant, antimicro-
bial, antifungal, anti-inflammatory, anti-diabetic, wound-
healing, drug delivery, gene delivery, biosensing, and
biolabeling [10].

FDA approval of the U.S. Food and Drug Authority
underscores the biocompatible nature of ZnO-NPs [11].
Zinc is a trace element that is critical to the synthesis of
nucleic acids, proteins, and a variety of enzymatic reac-
tions. In biological systems, Zn** is a key cofactor in
numerous enzymes that are essential for cellular pro-
cesses. ZnO is known to play a significant role in the indi-
vidual defense system [12]. Strikingly, laboratory and
animal-based experiments showed that nanosized ZnO
particles exhibited minimal toxicity toward healthy cells.
Zn0 in nanoform improved the osteoblast function and did
not cause any carcinogenicity, cytotoxicity, genotoxicity as
well or toxicity in the reproductive potential of humans
[13]. Consequently, the use of ZnO-NPs is considered non-
toxic to healthy cells but sufficiently effective in inducing
apoptosis in cancerous cells [14]. The studies indicate that
biologically synthesized ZnO-NPs exhibit stronger antibac-
terial effects than chemically synthesized counterparts,
even at low concentrations, against Gram-positive and
Gram-negative bacteria [15]. Multitudinous plant-mediated
syntheses of ZnO-NPs have been documented in the litera-
ture; however, initiatives involving medicinal plants have
been scarce. As a result, a medicinally significant plant is
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necessary for the synthesis of NPs capable of encapsulating
bioactive compounds with therapeutic properties [16-18].
In this light, Sea buckthorn, SBT (Hippophae rhamnoides
L.), is a shrub indigenous to Asia and Europe, renowned for
its orange berries. Sea buckthorn is an important plant in
traditional medicine and scientific research due to its
abundance of minerals, bioactive compounds like flavo-
noids (quercetin, kaempferol, and isorhamnetin), carote-
noids (B-Carotene), and a repertoire of vitamins (C-, E-,
and B-complexes) [19]. Additionally, this plant is rich in
essential fatty acids such as omega-3,6,7 and 9, along with
important minerals like calcium, magnesium, potassium,
and iron [20-22]. Due to the abundance of phytochemicals,
SBT has immunomodulating and antioxidative properties,
antiatherogenic and cardioprotective effects, antibacterial
and antiviral effects, healing effects on acute and chronic
wounds, antiradiation properties, anti-inflammatory
effects, antidiabetic properties, anticarcinogenic effects,
as well as hepatoprotective and dermatological effects
[23,24]. Due to this rationale, sea buckthorn leaves and
berries are extensively utilized for nutraceutical and ther-
apeutic applications. Notwithstanding its remarkable phy-
tochemical composition, there are just a few documented
instances of H. rhamnoides being utilized in nanoparticle
synthesis, predominantly with flower-shaped ZnO-NPs and
dye degradation applications [25].

This report represents the first documentation of
the green synthesis of spherical to irregular ZnO-NPs uti-
lizing H. rhamnoides L. berry extract and zinc sulfate as a
precursor, to investigate their antioxidant, antidiabetic,
anti-lipid peroxidation, antimicrobial efficacy, and acute
nanotoxicity assessed through Daphnia sp. This study iden-
tifies a gap in biomedical research concerning medicinal
plant-derived ZnO-NPs and proposes a unique, safe, and
biologically effective nanomaterial for potential thera-
peutic uses.

2 Materials and methods

2.1 Chemicals and reagents

All the chemicals used in the current investigation were of
analytical grade. Zinc sulfate hexahydrate (=99% purity),
ascorbic acid (299%), 2,2-diphenyl-1-picrylhydrazyl (DPPH,
>95%), thiobarbituric acid (TBA) (=98%), potassium
chloride (=99%), 2,2-diphenyl-1-picrylhydrazyl (DPPH,
>95%), TBA (=98%), potassium chloride (299%), sodium
hydroxide (=97%), sodium dodecyl sulfate (SDS, =99%),
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acetic acid (=99.7%), streptomycin (=98%), butanol (=99%),
a-amylase (297%), starch (soluble, 299%), ferrous sulfate
(299%), Mueller Hinton agar, and Luria broth were pro-
cured from Loba Chemie (Mumbai, India).

2.2 Preparation of plant extract

The berries of sea buckthorn, SBT (Hippophae rhamnoides),
were sourced from Ladakh, India. A taxonomist from CSIR,
IHBT Palampur, verified the plant with voucher number
PLP 24625. The berries were washed to remove the impu-
rities, dried, and crushed into a fine powder. In distilled
water, 2% aqueous plant extract was prepared by boiling
the mixture for 20 min at 80-90°C [26]. Whatman No. 1
filter paper was employed to filter the plant fraction. The
filtrate obtained was utilized as a reductant and stabilizing
agent for the synthesis of NPs.

2.3 Biogenic synthesis of ZnO-NPs

ZnO-Nps were synthesized following a protocol that had
been previously reported, with minor modifications [27].
Briefly, the fresh SBT aqueous extract was gradually added

Hippophae rhamnoides

(Sea buckthorn) berries berries

Dried and crushed
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to the 50 mM solution of ZnSO, in a 1:1 ratio. The starting
pH of the reaction mixture was recorded to be 4, and then
1IN NaOH was added dropwise to keep the pH at 8. The
reaction mixture was stirred using a magnetic stirrer for
2h for the complete reduction of ZnSO, till the formation
of white precipitates. Further, the process of decantation
was followed, and the resulting material was collected and
repeatedly washed with distilled water. Next, the material
was oven-dried, and creamy white powder of ZnO-NPs was
collected [28,29]. The resulting powder was stored in a desic-
cator for characterization and further experimentation
(Figures 1 and 2).

2.4 Characterization of ZnO-NPs

The synthesized AgNPs were characterized by using dif-
ferent physicochemical techniques. The preliminary
verification of green AgNPs was done using a UV-Vis spec-
troscope (Lasany Model No. LI-2800). Fourier transform
infrared (FTIR) (Perkin Elmer Spectrum 2) analysis was
performed to show the presence of phytochemicals
accountable for the stabilization and capping of ZnO-NPs.
The morphology and size of fabricated ZnO-NPs were
examined with Field emission scanning electron micro-
scopy (FE-SEM) (JEOL JSM-7610F). EDAX was used to detect

Aqueous Zinc sulfate
extract of (precursor)
berries P

Biological Activities

Dried
ZnO NPs

Biosynthesised
ZnO NPs

Figure 1: Graphical abstract illustrating the phytofabrication of ZnO-NPs mediated by Hippophae rhamnoides (Sea buckthorn) berry extract. The
process includes the preparation of aqueous extract, nanoparticle synthesis with zinc sulfate, drying, and evaluation of biological properties.
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Figure 2: Pictorial representation showing color change (yellowish-
white) as the initial visual confirmation of ZnO nanoparticle synthesis
during green synthesis.

the presence of elemental zinc in phytofabricated ZnO-NPs.
X-ray diffraction (XRD) (Bruker D8 Advance) examination
was conducted to ascertain the crystalline structure of the
synthesized NPs. Additionally, zeta potential (Malvern
Zetasizer Nano ZS90) analysis was carried out to assess
the stability and surface charge of the suspended NPs.

2.5 Antioxidant activity

The antioxidant potential of bio-fabricated ZnO-NPs was
evaluated using the 22-diphenylpicrylhydrazyl (DPPH)
assay [30]. A fresh stock solution of DPPH was formulated
by mixing 5.5 mg in 25 mL of methanol. Methanol was used
to dilute the stock solution to obtain an O.D. (optical den-
sity) between 0.8 and 1.0. Five varied concentrations (1,000,
800, 600, 400,200 ug~mL'l) of P.E., AgNPs, and ascorbic acid
(as standard) were used as test samples. Further, the test
samples (P.E., AgNPs, and ascorbic acid) were mixed with
1mL of DPPH solution. For half an hour, the resultant
mixture was incubated in the dark. The absorbance was
taken at a wavelength of 517 nm using a UV-Visible spec-
trophotometer. The DPPH mixture was used as a blank,
and Methanol was used as a control. The experiment was
carried out in triplicate. The % inhibition of DPPH free
radicals was computed using the absorbance of the control
(Ao and test (A by applying the following Eq. 1:

% Inhibition = (4.) - (A))/(Ac) x 100 5)

2.6 Anti-lipid peroxidation potential

To quantify the in vitro anti-lipid peroxidation efficacy of
the biosynthesized AgNPs and P.E., a modified Thio
Barbituric Acid Assay (TBARS) was used [31]. Briefly, Mal-
ondialdehyde, a byproduct of lipid peroxidation (LPO),
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interacts with two molecules of TBA, resulting in the for-
mation of a pinkish-red chromogen with a maximum
absorbance at Ayn,x = 532 nm. Egg yolk, being a lipid-rich
medium, was utilized in the experiment. For the experi-
mentation, the egg yolk homogenate was initially prepared
by mixing egg yolk (10% v/v) with potassium chloride (KCI)
(1.15% w/v). The egg yolk was ultrasonicated for 5 min for
proper mixing. Next, 0.5 mL of plant extract and ZnO-NPs
were added to 0.5mL of yolk homogenate. Subsequently,
50 mL of Ferrous sulfate (0.07 mM) was combined, and the
mixture was left to incubate for 30 min at 27-30°C. After
incubation, 1.5mL of TBA solution (made with 1.1% SDS
solution) and 1.5 mL of acetic acid were added to the test
tubes. After vortexing for 1 min, the mixture was heated to
95°C for 1h in a water bath. Following cooling, 5.0 mL of
butanol was mixed into each tube. After 10 min of centri-
fugation at 3,000 rpm, a maximum absorbance of the
upper butanol layer was observed at 532 nm. The % inhibi-
tion of LPO was determined using Eq. 1.

2.7 Anti-diabetic potential

The SBT aqueous extract and fabricated Zn ONPs have
been studied for anti-diabetic effects using the a-amylase
inhibition assay by following the methodology of Majeed et al.
with slight modifications [32]. First of all, 100 uL of varied con-
centrations of AgNPs (500, 400, 300, 200, and 100 pg'mL"l) was
added to 250 pL. of o-amylase and incubated for 30 min at
25-27°C. The mixture was left to incubate for 10 min at room
temperature following the addition of 1% starch solution. Sub-
sequently, 250 uL. of FeSO, was added, and the mixture was
allowed to stand at room temperature for 5 min. The solution
was incubated in a water bath at 85°C for 10 min, and its optical
density was measured at 540 nm. Eq. 1 was used to determine
the percentage inhibition of a-amylase. The entire experiment
was performed in triplicate.

2.8 Minimum inhibitory concentration (MIC)

To determine the MIC of the synthesized material against
E. coli (MTCC 1698) and S. aureus (MTCC 3160), a 96-titre plate
method containing different concentrations of the material
was followed. In this experiment, the 24-h-grown bacterial
cultures were double-diluted with Mueller-Hinton broth.
100 L of bacterial culture was added with 100 pL of different
concentrations of ZnO-NPs (1, 0.75, 0.5, 0.25, and
0.125 mg-mL™ in the wells. Positive (antibiotic) and negative
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(DW) controls were also poured into the wells containing
bacterial cultures. The 96-well titer plate was incubated at
37°C for 24 h. The next day, the absorbance of the bacterial
culture was checked using a plate reader at 595 nm, and the
calculation of % inhibition was done using the Eq. 2:

% inhibition = OD ofbacterial culture — OD of test @

sample/OD of bacterial culture x 100

2.9 Minimum bactericidal
concentration (MBC)

The MBC of ZnO-NPs was performed after calculating its
MIC value using the spot method. Bacterial cultures con-
taining two high and two lower concentrations of ZnO-NPs,
along with the MIC value, were spotted on the MHA plate.
The plates were left to incubate at 37°C overnight. The
growth of bacteria was checked on the plate after 24 h.

2.10 Antimicrobial efficacy

The antibacterial potential of P.E. and SBT-ZnO-NPs was esti-
mated by a well diffusion method against E. coli and S. aureus.
The bacterial cultures were revived on Luria Bertani Broth
at 37°C for 24 h. After sterilizing the MHA media in an auto-
clave, it was poured into sterilized Petri dishes and allowed
to solidify under a laminar flow hood [33]. Subsequently,
the bacterial culture of 100 uL was evenly spread onto MHA
plates. A sterilized borer was used to make wells in the agar
plates. Then, wells were loaded with 100 pL of (1.0 mg-mL™ for
E. coli and 0.5mgmL™ for S. aureus) streptomycin (positive
control), distilled water (negative control), ZnSO, (precursor),
ZnO-NPs, and plant extract (P.E.). The experiment was per-
formed in triplicate. The zone of inhibition was determined
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in mm by measuring the diameter of the clear area around
the wells.

2.11 Nanotoxicity studies

The standard OECD guidelines 202 were followed to study the
acute toxicity in Daphnia [34]. Daphnia was grown in fresh-
water under typical environmental conditions, maintaining a
16:8 light-dark cycle at a temperature of 22 + 2°C. The culture
was sustained in the laboratory for 6 months, utilizing pond
water as a food source [30]. In this investigation, Daphnia
neonates (under 24 h old) were chosen from a stable culture
to function as test organisms for the acute toxicity experiments.
The 48-h acute toxicity (LCs) assessment was performed on
neonates subjected to different concentrations of ZnO-NPs (0.1,
0.5, 1.0, 5.0,10.0, and 100 mg~L"1), with distilled water serving as
the negative control. A total of 10 neonates (<24 h old) were
utilized, and the experiment was conducted three times. Each
group received 30 mL of the test material in 50 mL containers.
The number of immobile Daphnia was recorded 48h after
treatment. According to OECD criteria, Daphnia were consid-
ered dead if they remained motionless for 15 s following gentle
agitation. Probit analysis was employed to get the LCsq value
and its 95% confidence intervals.

3 Results

3.1 UV-Vis spectroscopy

The UV-vis spectroscopy technique is useful for the preli-
minary assessment of nanoparticle synthesis. The UV-Vis
absorption spectrum of ZnO-NPs has a peak around 370 nm,

(3) [—Precursor

Absorbance (a.u.)
°
Absorbance(a.u.)

00 T T T T T 00

(b) —PE | © ZnO NPs

Absorbance(a.u.)
° °
- -

20 200 “ 00 “o 700 Y 20 0 P
Wavelength (nm)

Wavelength(nm)
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Figure 3: UV-Vis absorption spectra of (a) Zinc sulfate (precursor), (b) P.E. (SBT), and (c) biogenic ZnO-NPs.
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Figure 4: FT-IR Profile of P.E., precursor, and green synthesized Zn ONPs
with a spectral range of 500-4,000 cm™".

indicating the successful production of ZnO-NPs from SBT
extract (Figure 3c). This corresponds to a band gap energy
of approximately 3.37 eV, facilitating electron excitation.

3.2 FT-IR analysis

FT-IR Spectra (500-4,000 cm ™) were employed to ascertain
the functional groups implicated in the production of ZnO-
NPs from the aqueous SBT extract, as illustrated in Figure 4.
The FTIR spectra of the Hippophae rhamnoides extract (SBT),
zinc sulfate precursor, and synthesized ZnO nanoparticles
(ZnO-NPs) were examined to elucidate the functional groups
implicated in nanoparticle synthesis and stabilization. The
SBT extract exhibited distinct peaks at around 3,400 em™t
(O-H stretching of alcohols and phenols), 2,920 em™ (C-H
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stretching), 1,600-1,650 em™ (C=0 stretching of carbonyl
groups), and 1,000-1,200 cm™ (C-O stretching) [35]. The pre-
cursor exhibited extensive O—H stretching and bending vibra-
tions, affirming the presence of absorbed water molecules.
The precursor spectrum has a broad band at 3,400 cm™ and a
peak at 1,600 em™), indicative of water molecules, while pro-
nounced bands between 1,000 and 1,100 cm™ result from
S=0 stretching of sulfate ions. A minor signal at 600 cm™
is ascribed to O-S-0 bending vibrations of sulfate moieties.
The ZnO-NP spectra have a large peak at approximately
3,400 cm™, indicative of surface-bound hydroxyl groups,
whereas peaks around 2,900 and 1,600 cm™! are associated
with remaining organic molecules, implying partial capping
by phytochemicals [36]. These available functional groups in
the SBT (P.E.) provided electrons, which reduced zinc ions
(Zn**) to Zn" and finally reduced to ZnO-NPs. The energy
band ascribed to 1,600-1,700 cm™ shows carbonyl bonds,
typically from proteins or organic acids that serve as stabili-
zers [37]. Peaks detected between 1,000 and 1,100 cm™" further
corroborate the existence of C-O-C bonds originating from
plant-derived proteins. The FTIR spectra showed a distinct
band at 546 cm™, indicating Zn-O (zinc-oxygen) vibrations,
and the strong signal verifies the synthesis of ZnO-NPs [38].
The existence of intermediate peaks indicates that phyto-
chemicals from the plant extract played a role in the reduc-
tion, capping, and stabilization of the NPs.

3.3 FE-SEM

FE-SEM was used to analyze the size and morphology of the
biosynthesized ZnO-NPs (Figure 5). The average size of the

100nm CIF-LPU 8/28/2024

X 60,000 20.0kV SEI SEM WD 8.5mm 14:44:28

Figure 5: Representative images from FE-SEM analysis of biogenic ZnO-NPs (a) at 75,000x magnification, (b) at 1,00,000x magnification.
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synthesized ZnO-NPs was reported to be in the range of
52.6 + 12.51 nm, which was found to be comparable to the
previously green-synthesized ZnO-NPs [5].

3.4 Energy dispersive X-ray
spectroscopy (EDX)

EDX is an advanced approach to accessing the elemental
composition of the material, providing comprehensive
information about the types and quantities of elements
present. The EDAX spectra revealed zinc peaks at 3.0 and
3.1keV, validating the chemical composition of the bio-
genic ZnO-NPs (Figure 6). The EDX spectrum exhibits a
pronounced signal for Zn, while C, O, and Ca display dimin-
ished signals. The weak signals are due to macromolecules,
including enzymes, proteins, and carbohydrates present in
plant cell walls, which produce X-rays during examination.

3.5 XRD

The ZnO-NPs that were synthesized showed diffraction peaks
at 20 values of about 31.7°, 34.4°, 36.2°, 47.5°, 56.6°, 62.9°, and
68.0°. These peaks corresponded to the (100), (002), (101), (102),
(110), and (113) planes, in that order (Figure 7). The hexagonal
wurtzite structure of ZnO, which can be seen on JCPDS card
No. 36-1451, aligns well with these reflections [39]. Additional
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Figure 7: XRD pattern of ZnO-NPs prepared by green synthesis.

peaks were observed at 12.9° 26.6°, and 30.6° in addition to
Bragg’s peaks for the zinc nanocrystal. These supplementary
peaks may be attributed to the biomolecules in the plant
extract, implying that the bio-organic phase crystallizes on
the surface of ZnO-NPs [40].

XRD measurement revealed an average crystalline size
of approximately 19.2 nm for the synthesized ZnO-NPs, as
determined by following Debye—Scherrer’s equation.

D = 0.94A/(B cos )

Weight %

Spectrum 1 Wt% W1t% Sigma
C 4.59 0.60
o 48.29 0.41
Si 39.79 0.34
Ca 7.19 0.11
Zn 0.14 0.15
Total 100.00

Figure 6: EDX Analysis and elemental mapping of Zn-NPs; with EDX graph, molecular mapping of ZnO-NP powder along with an individual elemental

map of carbon, oxygen, calcium, and zinc.
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Results
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Figure 8: Zeta potential analysis of biosynthesized ZnO-NPs confirming surface charge and colloidal stability.

where D = crystallite size, 0.94 = Scherrer’s constant, A =
X-ray wavelength (1.5406), 8 = Bragg diffraction angle, =
full width at half-maximum.

The observed size disparity between FESEM and XRD
measurements can be ascribed to XRD’s information
on the crystallite size, whereas FESEM shows the
total particle size, which might include aggregates or

polycrystalline structures developed by the coalescence
of smaller grains [41].

3.6 Zeta potential

The synthesized ZnO-NPs demonstrated a zeta potential of
-20.9mV, signifying colloidal stability (Figure 8). A

1 oo Ascorbic Acid
P.E.
ZnONPs
J § 7_
— 80
g N Z
[=2]
S N
>
3
»w
S ]
=]
£ 40
8
&
T 4
o
o
e 20
0 1 N 1 ] N 1 S 1
200 400 600 800 1000
Concentration(u g/ml)

Figure 9: The DPPH free radical quenching activity was evaluated for different concentrations of ZnO-NPs, P.E., and ascorbic acid (standard). The

results are presented as mean + S.D. (n = 3).
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Figure 10: TBARS Assay representing LPO inhibition by ZnO-NPs, P.E, and
BHT (standard).

singular, sharp peak validated a homogeneous particle dis-
tribution devoid of agglomeration.

3.7 In vitro antioxidant activity

The outcomes in Figure 6 showed that both SBT (P.E.) and
ZnO-NPs demonstrated considerable antioxidant activity
by scavenging free radicals, with efficacy increasing
dose-dependently (Figure 9). ZnO-NPs exhibited better anti-
oxidant potential than PE out of five concentrations (1,000,
800, 600, 400, 200 pg-mL™).

3.8 LPO inhibition potential

The fabricated ZnO-NPs and SBT berries extract showed a
potential to inhibit LPO in the egg homogenate using the
TBARS assay. The ZnO-Nps depicted a better inhibition of
83.01 + 2.09% compared to 47.47 + 1.84% in the case of SBT

100 4/} a-amylase inhibition(%) |

80

60

40 4

a-amylase inhibition(%)

20

positive control

Figure 11: Anti-diabetic efficacy of SBT-synthesized ZnO-NPs, P.E. (SBT),
and maltose (standard).
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(P.E). The butylated hydroxytoluene used as a standard
showed 100% inhibition (Figure 10).

3.9 In vitro anti-diabetic activity

The effect of the in vitro anti-diabetic test was assessed using
the enzyme a-amylase, which is important for the metabolism
of carbohydrates. The ZnO-NPs showed the inhibition of a-
amylase enzyme around 69.73 + 1.11%, whereas the P.E. inhib-
ited the enzyme up to 32.04 + 6.80%. Maltose was utilized as a
positive control and displayed 100% inhibition (Figure 11).

3.10 MIC

The MIC data (Table 1) for E. coli show that a concentration
of 1.0 mg-mL " inhibited growth by 76.25 + 3.02%. A growth
inhibition of 77.81 + 1.07% was reported at 0.75 mg-mL™,
with an insignificant difference between the two concen-
trations. Hence, 1.0 mg-mL‘1 was chosen as the MIC for
E. coli in this investigation. Regarding S. aureus, the MIC
was calculated to be 0.5 mg-mL ", where the highest growth
inhibition % was reported to be 58.08 + 2.54%.

3.1 MBC

Based on MIC studies, the values of MBC were selected.
Two concentrations above and two concentrations below
the MIC value were considered for the study of MBC. For
E. coli, MBC was reported to be 1.0 mg'mL'l, and for
S. aureus, it was found to be 0.5 mg-mL~" (Figure 12).

3.12 Antimicrobial efficacy

The antibacterial effectivity of phytofabricated ZnO-NPs was
evaluated using the well diffusion method. The NPs, plant

Table 1: Depiction of percentage growth inhibition of green-synthesized
ZnO-Nps against £. coli and S. aureus

Concentration (mg-mL™") Growth inhibition (%)

E. coli S. aureus
1.0 76.25 + 3.02 25.54 + 3.79
0.75 77.81 £ 1.07 50.49 + 1.85
0.5 70.48 + 1.20 58.08 + 2.54
0.25 46.78 + 2.82 56.68 + 2.41
0.125 46.08 + 1.56 35.92 +7.68
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Figure 12: MBC results across different concentrations of ZnO-NPs: (a) E. coli and (b) S. aureus. NC, Negative control; P.C., positive control.

extract, and ZnSO, were examined for their antibacterial
potential against E. coli and S. aureus. The zone of inhibition
for E. coli (MTCC 1698) and S. aureus (MTCC 3160) was
recorded to be 33 + 1.24 mm and 18 + 0.23 mm, as compared
to standard antibiotic streptomycin, which was reported to be
39 £ 1.12 mm and 34 + 1.67 mm, respectively. On the contrary,
the aqueous P.E. of SBT did not show any inhibition against
the tested bacteria. Distilled water was utilized as a negative
control and exhibited no zone of inhibition (Figure 13).

3.13 Acute nanotoxicity studies

The ZnO-NPs with varying concentrations from 0.1-100 mg-L™
showed an LCs, value of 16.09 mg-L™ after the exposure of
481, as calculated through prohibit analysis (Figure 14).

Hence, a concentration below 16.09 mg-L™ is consid-
ered safe for Daphnia. Table 2 depicts the LCsy value of
previously fabricated ZnO-NPs against Daphnia.

4 Discussion

Plants have bioactive pharmacological chemicals that can
notably improve the pharmacological activity of NPs by
acting as reducing, stabilizing, and capping molecules.
This approach promotes green technology by minimizing
the raw materials required for the synthesis of NPs, which
typically depend on chemicals, solvents, and energy con-
sumption. Plant-based methods for green synthesis reduce
the reliance on traditional physicochemical materials, pro-
viding a more sustainable and environmentally friendly

Figure 13: The antimicrobial potential of ZnO-NPs synthesized from SBT was evaluated against (a) E. coli and (b) S. aureus. The data are presented as

mean + SD forn=3.
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Figure 14: LCs, value of green synthesized ZnO-NPs after the exposure of
48 hours, calculated through prohibit analysis.

alternative [45]. Additionally, the single-step biosynthetic
process of plant-mediated nanoparticle synthesis is consid-
ered simple, safe for therapeutic applications, cost-effec-
tive, energy-efficient, and environmentally benign [46].

The current study focuses on the phytofabrication of
ZnO-NPs from an aqueous extract of Sea buckthorn uti-
lizing zinc sulfate as precursor salt. UV-visible spectra,
FTIR, FE-SEM, and EDS were also used to characterize ZnO-
NPs, and the results further verified the nanoscale size and
shape of the fabricated NPs. The surface plasmon resonance
of SBT-mediated ZnO-NPs was observed around 370 nm and
found to be consistent with previous findings [11,47]. SBT
aqueous extract was also subjected to UV-Vis spectroscopy
revealed a peak at the range of 450 nm is indicative of phe-
nolic acids and flavonols [48]. XRD examination validated the
crystalline structure of the ZnO-NPs, with additional peaks
indicating the presence of phytochemicals, suggesting that
they are involved in stabilizing or coating the NPs during
green synthesis. Similar peaks have been reported by many
researchers [40,49]. A Zeta potential of —20.9 mV further sub-
stantiates excellent colloidal stability, inhibiting aggregation
and enabling efficient dispersion [50].

In the present study, SBT-synthesized ZnO-NPs func-
tioned as better antioxidants as compared to SBT berry
extract, and the results align with prior findings [51]. NPs
possess a larger surface area to volume, enhancing the
number of active sites for reactions and facilitating improved
interactions with free radicals compared to plant extracts.
Additionally, there is a synergistic effect of NP surface proper-
ties and attached phytochemicals from plants, which aids in
an enhanced antioxidant performance of green-synthesized
ZnO-NPs. The tendency of antioxidants to donate hydrogen
atoms or electrons makes them ideal for neutralizing DPPH
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Table 2: ZnO-NPs synthesized using different methods and their LCs,
values

S.no. Zn ONPs Size LCso References
1. Chemical 80-100 nm 1.32 mg~L’1 [42]
precipitation
method
2. Chemical 40 nm 2.93mgL”  [43]
synthesis 60 nm 3.24mgL”
3. Not available  Not available 0.3 mg~L'1 [44]
4, Chemical 20 nm 1.51 mg~L’1 [45]
synthesis
5. SBT 52.67 nm 16.09mg-L™"  Present study

synthesized

The present study depicts higher LCsq values, ensuring the safety of the
tested NPs against the Daphnia culture.

radicals. A yellowish or brownish solution with reduced
absorbance is produced when these electron/hydrogen donor
molecules react with the DPPH radical, which typically dis-
plays a deep violet [47].

LPO is a cell-damaging mechanism caused by free radi-
cals or chemicals that target cellular membranes, lipopro-
teins, and other lipid-containing components. This
mechanism frequently causes irreversible cell damage,
making it a major contributor to cell death [52]. In this
work, ZnO-NPs surpassed the plant extract in protecting the
lipid-rich media (egg yolk) against peroxidation. NPs, by their
size, effectively inhibit LPO through various chemical path-
ways, including the addition and recombination of radicals,
electron transfer, and free radical scavenging during the pro-
pagation phase of LPO [53]. ZnO-NPs have more antioxidant
activity than crude plant extracts, making them more effec-
tive as chain-breaking radical scavengers and retarding LPO
effectively [54,55]. This improved capacity enables NPs to neu-
tralize free radicals more effectively, adding to their greater
efficiency in reducing oxidative damage.

The present study shows that the SBT-mediated ZnO-NPs
and SBT (P.E) both have shown an inhibition towards the a-
amylase enzyme. When compared, biogenic ZnO-NPs were
proved to be superior in the suppression of a-amylase
enzyme as compared to the SBT aqueous extract. The findings
are in line with findings obtained by various studies, where
the antidiabetic activity of ZnO-NPs is documented [56,57].
NPs are sufficiently small to infiltrate cells and interact safely
with cytoplasmic and genomic molecules, making them better
antidiabetic agents [58]. According to previous research, ZnO-
NPs exhibit anti-diabetic potential by enhancing insulin secre-
tion, improving glucose tolerance and insulin sensitivity,
boosting glucose uptake in key tissues, and inhibiting both
lipolysis and gluconeogenesis [59,60].
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As a part of the present study, the SBT-mediated ZnO-
NPs displayed significant antibacterial efficiency against
E. coli and S. aureus. The MIC data indicate that the optimal
concentration of ZnO-NPs against E. coli is 1.0 mg-mL™
with a maximum rate of inhibition of 76.25 + 3.02%, whereas
against S. aureus is reported to be 0.5mgmL™ with 58.08 +
2.69% of maximal inhibition rate. The antimicrobial potential
of plant-based ZnO-NPs is well-cited in numerous studies [38].
It is hypothesized that NPs may target microbial cell mem-
branes, causing membrane potential damage and, eventually,
bacterial cell death. NPs, after entering cells, affect DNA repli-
cation and other protein functions, exacerbating cellular
damage and eventually causing bacterial cell death. Addition-
ally, it produces reactive oxygen species, which causes oxida-
tive stress, cellular damage, and, eventually, cell death [61,62].
The results of the antibacterial assay revealed that ZnO-NPs are
more effective against E. coli as compared to S. aureus. This
may be because of the reason that Gram-positive bacteria have
a thicker and harder peptidoglycan coating in their cellular
wall, which makes them less prone to absorb NPs [63].

NPs, after being utilized frequently, leach out into the
ecosystem and end up in water bodies, creating potential
dangers that lead to nanotoxicity [41]. Daphnia, being fresh-
water plankton, is used as a sensitive indicator to assess toxi-
city in water bodies [64]. Daphnia species are thought to be
representative of freshwater ecosystems and are sensitive to
environmental toxins; they are frequently utilized in ecotox-
icological analysis [30]. In this exploration, the LCs, value for
Daphnia was reported to be 16.09 mg-L ", which is higher than
the prior studies, suggesting the lower toxicity of the non-
biologically synthesized NPs utilized [41-43]. It is well estab-
lished that the higher the LCs, value lower the toxicity of the
material, implying that a higher concentration is needed to
kill 50% of the test population [65]. In the present study, the
higher LCsy value of the green-synthesized ZnO-NPs under-
scores their importance in terms of environmental safety.
This emphasizes the need for green synthesis that replaces
hazardous chemicals with plant-based capping and stabi-
lizing agents. These natural substances not only minimize
toxicity but also improve the biocompatibility of NPs,
implying a more ecologically responsible approach to their
synthesis. Hence, green technology offers safer alternatives to
reduce threats to aquatic organisms while remaining effec-
tive in biomedical applications.

5 Conclusion

The study emphasizes the role of sea buckthorn as a poten-
tial reductant and stabilizing agent for the effective

DE GRUYTER

phytofabrication of ZnO-NPs. The present synthesis is
environmentally benign, operating under sustainable con-
ditions with minimal toxic byproducts, positioning it as a
greener alternative to traditional methods. The synthe-
sized NPs showed a distinct absorption at 370 nm, and
FTIR highlighted the role of SBT phytochemicals in the
reduction of NPs. The morphology of ZnO-Nps as studied
through FESEM reveals a spherical to irregular shape with
a mean size of 52.6 + 12.51 nm. The results of XRD hinted at
the hexagonal structure of the synthesized ZnO-NPs. The
biogenic ZnO-NPs have a pronounced antioxidant, anti-
lipid peroxidation, and antidiabetic potential. The in vitro
antimicrobial assay results against bacteria E. coli and
S. aureus establish the green-synthesized ZnO-NPs as effec-
tive antimicrobial agents. Nanotoxicity Studies performed
on the aquatic model organism Daphnia exhibited no leth-
ality at concentrations up to 16.09 mg-L ™", making the SBT-
mediated ZnO-NPs safe to the environment. Hence, the SBT
fabricated ZnO-NPs demonstrate significant suitability for
medical applications, providing both efficacy and environ-
mental safety.
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