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ABSTRACT

Silver nanoparticles (AgNPs) were synthesized using aqueous extracts from three Mongolian
wild berries: blueberry (Vaccinium uliginosum), lingonberry (Vaccinium vitis-idaea), and sea
buckthorn berry (Hippophae rhamnoides). The green synthesized AgNPs were characterized by
UV-Vis, FTIR, SEM, and XRD analyses. UV-Vis peaks appeared at 410 nm (blueberry and
lingonberry) and 445 nm (sea buckthorn). SEM showed spherical particles with average sizes
of 32.36 + 1.23 nm (Bb-AgNPs), 36.56 £ 7.86 nm (Lg-AgNPs), and 28.70 + 1.38 nm (Sb-AgNPs).
Zeta potential values ranged from —42.8 to =51.1 mV, indicating stable colloids. FTIR confirmed
carboxylic acids, phenolics, and alcohols. Total phenolic contents were highest in blueberry
extract (8.98 mg GAE/g). Bb-AgNPs showed notably higher antioxidant activity than the original
extract. Both lingonberry extract and Lg-AgNPs demonstrated potential for antioxidant

supplementation, with Lg-AgNPs also showing antibacterial properties.

Keywords: blueberry, lingonberry, sea buckthorn, aqueous extract, silver nanopatrticle, green
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INTRODUCTION

Green synthesis of silver nanoparticles (AgNPs) is gaining momentum due to its numerous
advantages over conventional methods, including eco-friendliness, cost-effectiveness, minimal
downstream processing, and high yields. In plant extract-based synthesis, biological molecules
such as carboxylic acids, vitamins, anthocyanins, flavonoids, and phenolic compounds not only
reduce silver ions to nanoparticles but also serve as capping agents, stabilizing the formed
nanoparticles. These capping agents help prevent nanoparticle agglomeration, reduce toxicity,
and enhance biomedical activities. A synergistic effect between the metal core and these
bioactive capping agents is expected, particularly when the agents themselves possess
biological activity. Various fruit, seed, and leaf extracts have been explored for green synthesis,
including extracts from blueberry leaves and fruits [1, 2], hawthorn [3],-red currant [4], karonda
berry [5], solanum xanthocarpum L. berries [6], roman berry [7], lingonberry [8], and both fruit
and leaf extracts of sea buckthorn [9-11].

In Mongolia, blueberry (Vaccinium uliginosum L.), lingonberry (Vaccinium vitis-idaea L.), and
sea buckthorn berry (Hippophae rhamnoides L.) thrive in-the northern and central regions,
ripening in early autumn. Blueberries and lingonberries are nutrient-rich and contain numerous
bioactive compounds with potent antioxidant properties [9]. Notably, Mongolian blueberries are
particularly high in delphinidin-3-O-glycoside which have demonstrated antibacterial activity
against various pathogens [5, 12].

Sea buckthorn berries are rich in lipids, anthocyanins, carotenoids, amino acids, unsaturated
fatty acids, and phenolic compounds. All of these compounds exhibit a wide range of antioxidant,
anti-inflammatory, and anticancer activities. Sea buckthron berries also contain gallocatechin
and epicatechin, which" contribute to its antioxidant and antimicrobial properties [13, 14].
Lingonberries are rich.in flavonol glycosides, anthocyanins, procyanidins, and flavan-3-ols,
which demonstrate antimicrobial effects against bacteria such as Streptococcus mutans and
Fusobacterium nucleatum [12]. Moreover, lingonberries exhibit high antioxidant capacity due to
their rich content of chlorogenic acids and anthocyanins [15].

In this study, we aimed to synthesize silver nanoparticles (AgNPs) from aqueous extracts of
blueberry, lingonberry, and sea buckthorn berry, and to characterize the properties of the
synthesized AgNPs. Additionally, we evaluated the antioxidative and antibacterial effects of the

green-synthesized AgNPs in comparison to the aqueous extracts of the berries.
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EXPERIMENTAL

Fully matured blueberries, lingonberries, and sea buckthorn berries were obtained from a local
supermarket in Ulaanbaatar, Mongolia, in November 2022.

Silver nitrate was purchased from Tianjin Weichen Chemical Reagent Co., Ltd., China. 1,1-
diphenyl-2-picrylnydrazyl (DPPH, purity =2 98.0%), 2,2-azino-bis-(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS, purity = 98.0%), and 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ, purity 2 98.0%)
were purchased from Sigma Aldrich. Vitamin C and rutin (purity = 99.0%) were acquired from
Alladin Industrial Corporation, Shanghai, China. All other reagents and solvents used-were of
analytical grade, and all aqueous solutions were prepared using freshly double-distilled water.
Preparation of the aqueous extracts from the berries

Ten grams of dried and ground berries were extracted with water in a-1:10 ratio, stirred for 30
minutes at room temperature, and allowed to stand for approximately 10 hours. The extraction
process was repeated three times, after which the solvents'were filtered using Whatman No.1
filter paper. The combined filtrates were then evaporated to powder in a vacuum evaporator at
50 °C under reduced pressure and stored at 4 £ 1 °C until further analysis. For the synthesis of
AgNPs, these dried extracts were dispersed in deionized water at a final concentration of 0.2%.
Total carbohydrate content was determined by phenol sulfuric acid method [16] and total
phenolic compound was determined by the Folin-Ciocalteau method [17].

To compare the chemical, physical, and" biological properties, silver nanoparticles were
synthesized using both green and chemical methods. In the green synthesis approach, aqueous
berry extracts containing biological molecules served as natural reducing and stabilizing agents,
whereas in the chemical synthesis method, trisodium citrate was employed as an artificial
chemical reducing agent.

Green synthesis of AQNPs

Silver nitrate (20.mL; 1 mM) was added dropwise to 0.2% berry extracts (40 mL) with continuous
stirring and heating at 40-50 °C on a magnetic stirrer. After 20-40 minutes, a color change in the
solution.indicated the formation of silver nanoparticles: blueberry extract (Bb-AgNPs) changed
from pink to dark brown, lingonberry extract (Lg-AgNPs) from pinkish to dark brown, and sea
buckthorn extract (Sb-AgNPs) from colorless to brown. The resulting colloidal suspensions were
centrifuged at 21,000 g for 30 minutes and the pellets obtained were re-dispersed in deionized
water. To further purify the AgNPs by removing any adsorbed substances, the dispersion and
centrifugation steps were repeated two additional times. Finally, the synthesized nanoparticles

were dried at room temperature.
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Chemical synthesis of silver nanoparticles (chem-AgNP)

To chemically synthesize silver nanoparticles (chem-AgNPs), a 1% trisodium citrate solution
was used. Chem-AgNPs were prepared by adding 50 mL of a 1 mM AgNO; solution dropwise
into 100 mL of the trisodium citrate solution, while stirring and heating at 40-50 °C on a magnetic
stirrer. The mixture was continuously stirred and heated for one hour. Afterward, the solution
was centrifuged at 4000 rpm for 40 minutes. The resulting precipitate was washed twice with
deionized water, and dried at 50 °C.

Characterization of the AgNP

The UV-Vis spectra of all synthesized berry-derived nanoparticles and chemically synthesized
nanoparticles were recorded using a Shimadzu UV-1600 PC spectrophotometer across a range
of 200-800 nm, with a resolution of 5 nm. The spectra were compared. to those of 1 mM AgNO;
and a mixture of berry extracts (blueberry aqueous extract-BbAE, lingonberry aqueous extract-
LgAE, and sea bucktorn aqueous extract-SbAE) with 1 .mM AgNO;. UV-Visible absorption
spectra were obtained using quartz cuvettes with a 1 cm path length.

FTIR analysis was performed using a Bruker Alpha lI<FTIR model spectrometer, with results
recorded in the range of 4000-400 cm™ at a temperature of 22 °C and humidity of 30%. The
berry extracts were measured as dry samples, while the silver nanoparticles were analyzed in
solution.

Zeta potential values of the AgQNPs were measured using a Stabino zeta potential analyzer from
Microtrac Retsch GmbH, Germany:

For X-ray diffraction analysis, the powdered sample was examined with a Cu-X-ray
diffractometer (MAXima_X XRD-7000, Shimadzu) using Cu-Ka radiation (A = 1.7903 A),
operating at 40 kV and 30 mA. The diffraction pattern was recorded over a 20 range of 10°-90°
to confirm the presence of silver and to analyze the crystallite structure and size of the
synthesized"AgNPs: The polydispersity index (PDI) of all synthesized silver nanoparticles was
calculated using the equation PDI = (o / D)?, where o represents the standard deviation and D
is the average particle diameter [18].

Antioxidant activity assays

The DPPH free radical scavenging activity was measured following a previously described
method with minor modifications [19]. Briefly, the DPPH" solution was diluted with methanol to
achieve an absorbance of 0.90 £ 0.02 at 517 nm. Then, 2 mL of various concentrations of AQNPs
(0, 25, 50, 75, 100, 150, 200, and 500 ug/mL) were mixed with 2 mL of DPPH" solution in glass
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tubes, vortexed, and incubated in the dark at room temperature for 30 minutes. Absorbance
values were measured at 517 nm in quartz cuvettes with a 1 cm path length using a UV-1600
PC spectrophotometer. Methanol served as a negative control, while vitamin C and rutin were
used as positive controls.

The ABTS'* scavenging assay was performed as previously described, with minor modifications
[19]. The ABTS radical cation was generated by mixing 10.0 mL of ABTS stock solution (7.4
mM) with 10.0 mL of potassium persulfate (2.6 mM) and allowing the mixture to stand in the
dark at room temperature for 12 hours. Before use, the ABTS™* solution was diluted with
deionized water to an absorbance of 0.70 £ 0.02 at 734 nm. To conduct the assay, 500 pL of
various concentrations of extracts (0, 25, 50, 75, 100, 150, 200, and 500 ug/mL) were added to
3.5 mL of the ABTS"* solution, vortexed, and kept in the dark at room temperature for 6 minutes.
Absorbance values were measured at 734 nm in quartz cuvettes with a1 cm path length using
a UV-1600 PC spectrophotometer. Methanol served as a negative control, while vitamin C and
rutin were used as positive controls.

Antibacterial activity

A total of six stock cultures of bacteria, including Staphylococcus aureus (ATCC 2592), Pseudomonas
aeruginosa (ATCC 15442), Esherichia coli (ATCC 259222), Enterococcus faecalis (absent),
Bacillus subtilis (ATCC 6633), and Micrococcus luteus (ATCC not available) were used to
evaluate the antibacterial activity of the berry aqueous extracts and berries-AgNPs. A modified
agar disk diffusion method was employed to determine the antibacterial efficacy of berries-
AgNPs [10]. The synthesized silver nanoparticle solutions from berries were used directly for
antibacterial activity. The bacteria stocks were subcultured with Nutrient broth as a liquid
medium at 37 °C for 24 hours. Then, the bacterial liquid medium was inoculated in triplicate to
obtain three samples of 100 uL bacterial suspensions (final concentration of 1.5 x 108 CFU/mL
bacteria). Next 25 mL agar nutrient was prepared and autoclaved for sterilization, and each
sample of the bacterial suspension was swabbed onto an agar petri dish to cultivate a uniform
microbial growth plate. Hollows were cut into the agar using sterile gel puncture, and 20 uL of
the prepared test solutions comprising berry-derived silver nanoparticle suspensions, 10 yg/mL
kanamycin as a positive control, distilled water, and 1 mM AgNO; as negative controls were
poured into each well of the inoculated plates and incubated at 37 °C for 24 hours.

To evaluate the antibacterial activity of the synthesized silver nanopatrticles, the diameter of the

inhibition zones were measured and compared with the control groups. Every assay of
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synthesized AgNPs from berries and controls (10 mg/ml kanamycin, distilled water and 1mM
AgNOs) was carried out in triplicate. Antibacterial activity was indicated by the inhibition zone
diameters (1ZDs) standard deviation (SD) around the well and the results were reported as mean
* standard.

Statistical analysis

All tests were done in triplicate, and mean values were reported with standard deviations. The

ICs0 values were analyzed using GraphPad Prism 7 and Origin 2019b.

RESULTS AND DISCUSSION

Some chemical profile of Mongolian berries

Assessing the therapeutic value of Mongolian wild berries is important for local communities due
to their nutritional benefits, cultural heritage, and the potential for sustainable harvesting. In this
study, we synthesized silver nanoparticles using aqueous extracts from three different types of
Mongolian wild berries.

The yields of the aqueous extracts, total carbohydrate contents and total phenolic compounds
of the berries are shown the Table 1. The total carbohydrate content in the aqueous extracts is
quite a bit higher than that of berries grown in Belarus [14]. The total phenolic compounds in the

aqueous extracts is also higher than in berries grown in Brazil [20].

Table 1. Some chemical profile of the Mongolian wild berries

Sample Yield of the aqueous Total carbohydrate Total phenolic compound
extract (%) content (%) (GAE mg/g)

Blueberry 16.79 15.16 £ 1.22 8.98 + 0.037

Lingonberry 15.59 14.52 + 3.03 6.07 + 0.049

Sea bucktorn 17.29 9.62+£1.37 3.65 + 0.037

In reference 9.9-11.9 [21] 3.0-14.6 [17, 21, 22]

Synthesis of the AGNPs

The formation of the AgNPs was initially verified by a color change of the AgNOs solution, it
changed from.colorless to dark brown. The alteration in color from the berry's own faint color to
dark brown suspension verified the bioreduction process converting silver ions into AGNPs.
Figure 1 shows the UV-visible spectra of silver nanoparticles synthesized by chemical and
green methods, including chem-AgNP (chemically synthesized), Bb-AgNP (blueberry), Lg-
AgNP (lingonberry), and Sb-AgNP (sea buckthorn); BbAE + AgNO3, LgAE + AgNO3;, and SbAE
+ AgNO; represent the mixtures of each berry extract with 1 mM AgNO;. The mixture of berry
aqueous extracts (BbAE, LgAE, SbAE) with 1 mM AgNO; in the same ratio as used for Bb-
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AgNP synthesis, and chemically synthesized silver nanoparticles (chem-AgNP). There were two
narrowed peaks in the both Lg-AgNP and Sb-AgNP UV-visible spectra due to excess berry
extracts. The maximum absorbance for AgNPs, depending on the particle properties, was
around 390-423 nm of wavelength [18]. Finally, chemically synthesized silver nanoparticle
showed maximum adsorbtion at around 440 nm (Fig. 1). The appearance of a peak in the chem-

AgNP was single and very broadened, indicating that the chem-AgNPs were polydispersed and
small sized nanoparticles [23].
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Fig. 1. UV-visible spectra of silver nanoparticles synthesized from blueberry (Bb-AgNP), lingonberry
(Lg-AgNP), and sea buckthorn (Sb-AgNP) extracts, along with their corresponding extract—AgNO;
mixtures and chemically synthesized AgNPs
The maximum absorption peaks of the aqueous extract from the berries and 1 mM AgNOs
mixture were observed at around 295 nm. In contrast, the maximum absorption peaks of the
synthesized silver nanoparticles ranged around 410-445 nm, demonstrating the formation of
AgNP (Fig. 1'and Table 2) [18]. The peak of the Bb-AgNP was broadened and there was a
bathochromic shift (red shift) with a hyperchromic effect. The broadened peak indicated
polydispersed AgNP [23]. The appearance of a single peak in the AgQNP spectrum proposed that
the formatted AgNPs had small-sized and spherical shape of [1, 7] nanoparticles which was

further validated using scanning electron microscopy.
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Table 2. Maximum adsorption wave numbers of the berry silver nanoparticles, the mixtures of the berry
aqueous extracts and 1 mM AgNOs and chem-AgNP.

Berries Amax, NN
BerryAE + AgNOs Berry-AgNP
Blueberry 295 445 201
Lingonberry 290 410
Sea bucktorn 295 410
Chem-AgNP 440
FTIR spectroscopy

FTIR analysis was performed on the synthesized AgNPs to identify the possible reducing
biomolecules within the berry extracts. The FTIR spectra are shown in Fig. 2:

The FTIR spectrum of BbAE showed absorption peaks at 3307.03, 2914.9, 1717.01, 1622.03,
1416.22, 1231.53, 1041.55, and 593.01 cm™, indicating the presence of the following main
compounds in the berry extract: primary amines, alcohols, phenolic. compounds, flavonoids, and
organic acids. However, the FTIR spectrum of Bb-AgNPs showed fewer peaks at 3373.72,
1641.60, 1056.09, and 550.40 cm™. The peaks at 1717:01 cm™', 1416.22 cm™, and 1086.80
cm™’, related to the stretching vibrations of -C=0 and C-C bonds in alcohols, carboxylic acids,
polyphenolic compounds, and phenols, were not present in the spectrum of the Bb-AgNP.
Therefore, alcohols, carboxylic acids, and phenolic compounds in BbAE played a major role in
the formation of silver nanoparticles: The peak at 1622.03 cm™, related to the stretching
vibration of the C=0 bond of the carboxyl group, C=C stretching in aromatic compounds, and
N-H in primary amines [23], slightly shifted to 1641.60 cm™, indicating that the carboxyl group
and primary amines contributed to the formation of Bb-AgNPs. Furthermore, the peak at 1041.55
cm™, related to —C-O stretching vibrations of alcoholic groups [7] shifted to 1056.09 cm™,
suggesting that alcoholic groups also played a role in the formation of Bb-AgNPs.

The FTIR spectrum of LQAE showed absorption peaks at 3314.63, 2926.81, 1710.07, 1622.03,
1206.17, 1038.27, and 592.20 cm™, indicating the presence of the following main compounds
in the berry extract: alcohols, phenolic compounds, flavonoids, and organic acids. All of these
peaks were not present in the FTIR spectrum of Lg-AgNPs, except for one peak at 3291.82 cm™,
which is related to O-H group stretching vibrations from water. However, the FTIR spectrum of
Lg-AgNPs showed fewer peaks at 3291.82, 1631.03, and 440.11 cm™. This suggests that
alcohols, carboxylic acids, and phenolic compounds in LJAE played a major role in the formation
of silver nanoparticles. The peak at 1621.03 cm™, related to the stretching vibration of the C=0
bond in carboxyl groups [24], C=C stretching in aromatic compounds, and N-H in primary amines

[7], slightly shifted to 1631.03 cm™, indicating that carboxyl groups and primary amines
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contributed to the formation of Lg-AgNPs. Additionally, the sharp band at 440.11 cm™ in the Lg-
AgNP spectrum suggested the presence of an Ag-O bond.

There are secondary metabolites responsible for the antioxidant activity of blueberry extract.
These are flavonoids: quercetin and kaempferol; phenolic acid: chlorogenic acid; primary
anthocyanins: delphinidin-3-galactoside, cyanidin-3-galactoside, petunidin-3-galactoside,
peonidin-3-galactoside, malvidin-3-galactoside, proanthocyanidins: catechin and epicatechin
units.

The FTIR spectrum of SbAE showed absorption peaks at 3329.84, 2919.2, 1721.83, 1596.01,
1421.10, 1215.78, 1086.80, 615.01 and 516.15 cm™, indicating the presence of the following
main compounds in the berry extract: primary amines, alcohols, phenolic compounds, flavonoids,
and organic acids. Hovever, the FTIR spectrum of Bb-AgNP showed fewer peaks at 3299.42,
1634.03 and 630.22 cm™. The peaks at 1717.01 cm™ 1416.22.cm™1215.78 cm™ and 1086.80
cm™" were related to stretching vibrations —-C=0 and C—-C- bonds in alcohols, carboxylic acids,
polyphenolic compounds pheols [25] and C-H deformation vibration and N-H primary amines in
aromatic ring; those peaks were no longer present. Therefore, alcohols, carboxylic acids and
pheolic compounds and primary amine functional groups in SbAE played a major role in
formation of silver nanoparticles. The peak at 1596.01 cm™ in the spectrum of the SbAE, related
to stretching vibration of the C-O bond of carboxyl group, C=C stretching in aromatic compounds
and N-H primary amines [26], slightly shifted to 1634.03 cm™; this indicated the carboxyl group
and primary amines played role the formation of the Sb-AgNP. The absence of those peaks in
the berry-AgNPs spectrum and modification of the peaks indicate that those secondary
metabolites likely play ‘@ part in capping and reducing silver to AgNPs in the process of
nanoparticle synthesis [27]. Biomolecules present in plant extracts serve crucial roles in both
the capping and stabilization of the synthesized nanoparticles. Phenols (OH group) and proteins
(carbonyl group) exhibit specific attractions to silver and other metals, forming a protective layer
around the nanoparticles, thereby acting as a capping agent [4]. Additionally, amines and
alcohols play a role in preventing the nanoparticles from agglomeration during their synthesis.
Meanwhile, all the IR spectrum of berry-AgNPs displayed sharp broadened peaks in the region
between 500 cm™" to 400 cm™', which was attributed to the metal-oxygen bonds [24]. The FTIR
spectra clearly indicate that the phytochemicals are well-coated on the AgNPs, playing a key
role in their formation and stability [28]. However, chemically synthesized nanoparticles showed
major FTIR peaks at 1579.88 and 1407.08 cm™. The bands at 1579 and 1407 cm™" correspond
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to the symmetric and asymmetric stretching of COO™ groups present in the citrate ions used for
reduction [29].
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Fig. 2. FTIR spectra fot the synthesized silver nanoparticles. A. BbAE and Bb-AgNP and chem-AgNP,
B. LgAE and Lg-AgNP and chem-AgNP, C. SbAE and Sb-AgNP and chem-AgNP

Zeta potential analysis

Zeta potential explains the stability, dispersion and surface charge of the nanoparticles. A zeta
potential greater than +30 mV or less than =30 mV indicates high stability of nanoparticles in dry
powder form [30]. The high negative value produces repulsion between similarly charged
particles in suspension, therefore resisting aggregation. Several studies that were done on silver
nanoparticle synthesis .with berry extracts such as sea buckthorn berries, rowan berries,
hawthorn berries resulted in zeta potential of —26.3 mV, -28.8 mV, —-38.2 respectively [3, 7, 9].
Our results showed that zeta potential of the synthesized Bb-AgNP, Lg-AgNP, Sb-AgNP had an
average zeta potential of -43.6 +0.11 mV, -51.1 £1.91 mV, -42.8 £0.8 mV. The zeta potential
of Lg-AgNP exhibited a higher average value compared to the Bb-AgNP and Sb-AgNP; this may
be due to the presence of different phytochemicals in each sample that reduced and capped
silver nanoparticles. Results showed that synthesized silver nanoparticles were quite stable with

lower negative values.
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Fig. 3. Zeta potential for the synthesized silver nanoparticles at different pH levels. A. Bb-AgNP, B..Lg-
AgNP, C. Sb-AgNP

Fig. 3 shows the variation in zeta potential (ZP) of the green-synthesized silver nanoparticles
Bb-AgNP, Lg-AgNP, and Sb-AgNP across a pH range of 3-11. For Bb-AgNPs and Lg-AgNPs,
relatively high ZP values (around -30 to —35 mV) were recorded under acidic'conditions (pH 3—
4), followed by a sharp decrease near pH 5, reaching approximately —-70'to =75 mV, indicating
maximum colloidal stability due to enhanced electrostatic repulsion. As pH increased toward the
alkaline range (pH 7-11), the ZP gradually rose to ‘@around. -40 mV, suggesting partial
neutralization of surface charge but still maintaining sufficient repulsion to prevent aggregation.
In contrast, Sb-AgNPs showed less pronounced variation; with ZP values ranging from -25 mV
at acidic pH to —40 mV at alkaline pH, implying relatively stable colloidal behavior throughout
the PH range. Overall, pH influenced the surface charge of the nanoparticles, with optimal
stability observed around pH 5 (Fig. 3).

The stability of AgQNPs, as indicated by their zeta potential, is significantly influenced by the pH
of the medium. All three types of AQNPs show a decrease in stability around pH 5-6, suggesting
aggregation tendencies at this pH range. The stability at acidic and alkaline conditions suggests
that surface charge plays a crucial role in maintaining colloidal stability. Notably, the different
green synthesis methods result in distinct ZP patterns, indicating that the synthesis method and

the capping agents used significantly impact the stability of ANPs in various pH conditions.
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Fig. 4 illustrates the variation in electrical conductivity of the synthesized silver nanoparticles
(AgNPs) at different pH levels. For both Bb-AgNP and Lg-AgNP, conductivity shows a steady
and nearly linear increase from approximately 0.1 mS/m at acidic pH (3—4) to about 0.7 mS/m
at alkaline pH (10-11). This progressive rise suggests enhanced ion mobility and particle
dispersion under basic conditions, likely due to increased surface charge and reduced particle
aggregation. In contrast, Sb-AgNP exhibits a similar increasing trend, although with slightly
lower overall conductivity values, indicating differences in surface chemistry or capping
efficiency among the berry-derived nanoparticles. The highest conductivity values recorded at
alkaline pH confirm improved colloidal stability and electrostatic repulsion. between particles
under these conditions (Fig. 4).

The conductivity of all three AgNP types shows a positive correlation with increasing pH,
indicating that higher alkalinity enhances the ionic mobility or charge distribution on the
nanoparticle surface. This may be attributed to the deprotonation of surface functional groups,
increasing the availability of free ions and thus enhancing conductivity. Among the three types,
Lg-AgNP exhibits the highest conductivity at alkaline pH; while Sb-AgNP shows a slower
increase compared to the other two. These differences are likely due to variations in the green
synthesis methods and the resulting surface chemistry of the nanoparticles.

Morphology and size histograms of the AgNPs from the berry extracts

SEM images and particle size distributions of silver nanoparticles synthesized using blueberry
(Bb-AgNPs), lingonberry (Lg-AgNPs), and sea buckthorn berry (Sb-AgNPs) extracts are shown,
with distributions fitted to a Gaussian (log-normal) function based on 116, 182, and 173 particles,
respectively (Fig. 5).

The particle sizes were analyzed by using SEM and images are displayed in Fig. 5. The images
show that nanoparticles were in spherical morphology and nanoparticles were homogeneously
distributed, and their size was non-uniform.

The size of the synthesized Bb-AgNPs ranged from 17.29 to 55.74 nm. The Bb-AgNPs exhibited
an average size of 32.36 + 1.24 nm (Fig. 5), which is relatively typical compared to silver
nanoparticles reported in other studies [7, 27]. For example, in 2014, Mallikarjuna et al. [2]
synthesized AgNPs using Bb extract, revealing AgNP sizes ranging from 50 to 150 nm with
spherical and triangular shapes. The variation in nanoparticle size may be due to differences in
the silver nanoparticle synthesis methods; they did not apply heat during the stirring process

and stirred for a longer duration.
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The size of the synthesized Lg-AgNPs in our study ranged from 16.24 to 59.56 nm. The Lg-
AgNPs exhibited an average size of 36.56 + 7.86 nm, which was larger than that of other silver
nanoparticles (Fig. 5). In 2023, Rizwana et al. synthesized AgNPs using LgAE [8], achieving a
particle size of 5-30 nm, smaller than our findings.

The size of the synthesized Sb-AgNPs ranged from 10.58 to 56.98 nm. The Sb-AgNPs exhibited
an average size of 28.70 £ 1.38 nm, representing the smallest size compared to the silver
nanoparticles synthesized in this study (Fig. 5). Nanoparticles with reduced dimensions had a
high surface-to-volume ratio, suggesting significant potential for surface. reaction-based

applications, such as antimicrobial activity.
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Fig. 5. SEM.images and particle size distributions of green-synthesized silver nanoparticles: (A-1, A-2)
Bb-AgNPs (blueberry), (B-1, B-2) Lg-AgNPs (lingonberry), and (C-1, C-2) Sb-AgNPs (sea buckthorn).
Particle size distributions were fitted with a Gaussian (log-normal) function (n = 116, 182, and 173,
respectively).

The polydispersity index (PDI) values of the synthesized silver nanoparticles were remarkably
low: Bb-AgNP: 0.0015, Lg-AgNP: 0.0016, and Sb-AgNP: 0.0023. These values were all well
below 0.1, indicating an extremely narrow size distribution and thus high monodispersity of the
particles. Lg-AgNPs showed the highest antibacterial and antioxidant activity and also had one

of the lowest PDI values. This supports the idea that monodispersity enhances bioactivity,
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354 possibly by promoting uniform cellular uptake and interaction with microbial membranes [31].
However, since all three AgNP formulations exhibited extremely low PDI, any observed
differences in activity were more likely due to factors such as particle size, surface chemistry,

357 and bioactive compounds from the plant extracts, rather than polydispersity alone.

X-ray diffraction

The purity, size, and crystalline structure of the synthesized berries-AgNPs were analyzed using
360  X-ray diffraction (XRD) (Fig. 6).

For Bb-AgNPs, four distinct peaks at 38.16°, 44.26°, 64.56°, and 77.44° corresponded to the

(111), (200), (220), and (311) planes of cubic silver (JCPDS files 04-0783 and 41-1402),
363 confirming their crystalline nature. The most intense peak appeared at 26-= 38.16°, and the

crystallinity index (26.46%) indicated a moderate level of crystallinity, suggesting a balance

between crystalline and amorphous phases.
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366 Fig. 6. XRD patterns of green-synthesized silver nanoparticles (AgNPs) obtained from three
Mongolian wild berry extracts.

369  For Lg-AgNPs, peaks similar to Bb-AgNPs were observed at 38.22°, 44.28°, 64.54°, and 77.56°,
corresponding to the same planes and confirming their crystalline structure. Additional peaks at
32.52° and 18.78° also appeared, likely from organic compounds in the lingonberry extract. The
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strongest diffraction peak occurred at 20 = 38.22°, and the crystallinity index (17.63%)
suggested a predominantly amorphous material.

For Sb-AgNPs, five sharp peaks at 38.2°, 44.32°, 46.06°, 64.58°, and 77.52° were assigned to
the (111), (100), (200), (220), and (311) planes of cubic silver, confirming crystallinity. Additional
peaks at 27.86°, 29.40°, 32.34°, and 18.72° may result from organic compounds in the sea
buckthorn extract. The most intense peak appeared at 26 = 38.2°, and the crystallinity index

(38.54%) indicated a moderate crystalline phase.

Antioxidant assays of berry aqueous extracts (AEs) and berry-derived . silver
nanoparticles (AgNPs)

As an extract from important food resource and their silver nanoparticles (AE berries and
FrAgNP) were investigated for the radical scavenging capacity of DPPH ‘and ABTS* methods.
In all tests ascorbic acid (vitamin C) and rutin were used as standard compounds. Results are
shown in Fig. 7 and Table 3.

The DPPH" test revealed that LQAE exhibited the highest activity compared to the other berry
extracts and even exhibited higher than positive 'standards for antioxidant activity. The chem-
AgNP, however, showed no activity. Consistent with the present study, previous research has
demonstrated dose-dependent free radical scavenging activity for lingonberry extracts [8].

For the synthesized silver nanoparticles, BbAE did not show antioxidant activity, whereas Bb-
AgNP exhibited greater activity. However; Lg-AgNP displayed slightly reduced activity compared
to its extract. Sea buckthorn berry extract showed antioxidant activity, but its silver nanoparticles
exhibited weakened activity. In contrast, an earlier study reported that Sb-AgNP displayed dose-
dependent antioxidant.activity in DPPH free radical scavenging assay [9].

The ABTS™ test revealed that LQAE exhibited the highest activity compared to the other fruit
extracts and even exhibited higher than positive standards. The chem-AgNP, however, showed
no activity. For.the synthesized silver nanoparticles, BbAE did not show antioxidant activity,
whereas Bb-AgNP exhibited greater activity. However, while LgQAE was highly active, Lg-AgNP
demonstrated even higher activity. SbAE did not show antioxidant activity, and neither did its
silver nanoparticles. Additionally, LgQAE and Lg-AgNP demonstrated the strongest activity
compared to other samples, as well as the positive and negative standards in both assays.
Consistent with the present study, previous research has shown that LgJAE and Lg-AgNP

possess potent antioxidant properties [8].
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Fig. 7. Antioxidant activities of berry extracts (BbAE, LgQAE, SbAE), their green-synthesized AgNPs
(Bb-AgNPs, Lg-AgNPs, Sb-AgNPs), and chem-AgNPs, measured by (A) DPPHe. and (B) ABTS-+
scavenging assays. Results are shown as mean = SD of three independent experiments (P < 0.05).

Table 3. ICso values of the the berry extracts, synthesized AgNP-s and chem-AgNP

Sample Average size, Antioxidant activities
nm DPPH", ICso, ug/mL ABTS™, I1Cso, ug/mL

Vitamin C 106.67 + 2.51 320.405 * 2.43
Rutin 49.57 £ 0.71 248.59 + 4.05
Chem-AgNP : 2426 + 53.39
BbAE 217.91 % 17.03 42110 £ 16.33
Bb-AgNP 3236+123  179.3+7.23 I 2872+0.06 f
LgAE 34.00 £ 2.71 143.73 £ 8.96
Lg-AgNP 36.56+7.86  39.66.+ 1.79 b 11284138 f
SbAE 103.64 £ 7.29 942.60 * 8333
Sb-AgNP 28704138  173.00 + 13.31 b 2080.92+90.33 !
t-increased

|- decreased

The observed differences in.antioxidant activity between the berry aqueous extracts and their
corresponding silver_nanoparticles (AgNPs) can be attributed to the distinct phytochemical
compositions and interactions between the plant-derived phytochemicals and silver ions during
nanoparticle synthesis.

In the case of blueberry (Bb) and lingonberry (Lg), the green synthesized AgNPs exhibited
higher-antioxidant activity than the crude extracts.

The antioxidant activity of BbAE is primary attributed to its rich content of flavonoids: quercetin,
kaempferol [32], phenolic acids including chlorogenic acid, and anthocyanins such as
delphinidin-3-galactoside, cyanidin-3-galactoside, petunidin-3-galactoside,  peonidin-3-
galactoside, malvidin-3-galactoside [33]. Additionally, proanthocyanidins composed of catechin
and epicatechin units contribute significantly to its antioxidant activity [34]. Among these, gallic

acid and proanthocyanidins have been shown to play a crucial role in the green synthesis of the
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silver nanoparticles, acting as reducing agent [35, 36], capping the surface, preventing
aggregation and controlling particle size [37].

Similarly, lingonberry extract contains comparable phytochemicals but differs in the
concentration and identity of key compounds. Major anthocyanins in lingonberry include
cyanidin-3-glucoside and cyanidin-3-arabinoside [38], alongside phenolic acids such as caffeic
acid and ferulic acid [39] and triterpenoids like ursolic acid [40]. Among these, anthocyanins [41]
and phenolic acids [42] have demonstrated effective reducing and capping capabilities in AQNP
synthesis. The resulting Lg-AgNPs exhibit enhanced antioxidant activity. This enhancement may
result from the synergistic interaction between residual polyphenolic compounds capping the
nanoparticles and the increased surface reactivity of the nanoscale silver [31, 35]. Moreover, it
could be attributed to Lg-AgNPs small particle size, low polydispersity index (PDI), and improved
dispersion and reactivity toward radical species [43].

In contrast, in the case of sea buckthorn, the aqueous extract.showed significantly higher
antioxidant activity than its respective nanoparticles. Sea buckthorn berries contain a unique
phytochemical profile, including high levels of isorhamnetin glycosides (isorhamnetin-3-O-
glucoside and isorhamnetin-3-O-rutinoside), ' ascorbic acid, ellagic acid, and specific
proanthocyanidins [44]. These compounds collectively contribute to the berry extract’s potent
antioxidant activity, setting it apart from lingonberry and blueberry extracts. These distinctive
phytochemicals contribute significantly to the antioxidant properties of sea buckthorn [44].
Although green-synthesized silver nanoparticles (AgNPs) often exhibit enhanced antioxidant
activity compared to their source extracts, the opposite can occur, observed in our experimental
results for sea buckthorn, where the extract's antioxidant potential was significantly higher than
that of the Sb-AgNP. This can occur because the silver nanoparticle synthesizing process may
consume a portion of the most potent antioxidants, especially ascorbic acid and phenolic acids,
in the reduction of ‘silver ions. Once oxidized, these molecules may lose their antioxidant
functionality [35]. Moreover, not all antioxidants from the extract are successfully adsorbed onto
the surface of AgNPs, which means a significant portion of active compounds may be lost during
nanoparticle formation.

Therefore, the variation in antioxidant behavior among the different berry-derived AgNPs is likely
influenced by both phytochemical composition and physicochemical properties of the resulting

nanoparticles such as size, PDI, and surface chemistry [31].
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Antibacterial activity

In vitro evaluation of antimicrobial properties of green synthesized silver nanoparticles against
typical pathogens i.e., Staphylococcus aureus, Pseudomonas aeruginosa, Esherichia coli,
Enterococcus faecalis, Bacillus subtilis, and Micrococcus Iluteus was realized by the agar disk
diffusion method. The results were shown in Fig. 8.

The microorganism inhibition process follows a specific mechanism. As the silver nanoparticles
(AgNPs) attach to the negatively charged surface of the bacterial cell, they alter the chemical
composition and structural integrity of the cell wall and plasmalemma, disrupting functions such
as permeability, electron transport, and respiration. The silver NPs penetrate the bacterial cells,
causing further damage. Once inside, the particles interact with the DNA, phosphorous
compounds, and various proteins of the cell. The release of silverions from the AgNPs
generates reactive oxygen species (ROS), contributing to cellular.damage [30]. Among the
synthesized silver nanoparticles, Lg-AgNPs exhibited the largest inhibition zones against E.col,
E.faecalis, indicating the strongest antibacterial efficacy.. A large inhibition zone typically
indicates that the nanoparticles have a higher potential to disrupt bacterial cell membranes,
generate reactive oxygen species (ROS), or interact with intracellular components [45]. These
findings support the high antibacterial potential of Lg-AgNPs and their efficient interaction with
microbial cells.

Bb-AgNP exhibited the largest inhibition zone against S. aureus and showed comparable
efficacy to Lg-AgNPs against P..aeruginosa and B. subtilis, indicating that the bioactive
compounds present in blueberry extract may enhance the nanoparticles' capping and
stabilization, contributing to their antibacterial activity. Furthermore, Bb-AgNPs exhibited
significantly larger inhibition zones compared to distilled water, chemically synthesized AgNPs
(chem-AgNPs),~and 1.mM AgNOs3, suggesting the potential advantages of plant-mediated
synthesis inimproving AgNPs' antibacterial efficacy.

The Sb-AgNPs showed the largest inhibition zone for the E.faecalis among the berry-derived
silver nanoparticles but showed comparatively lower antibacterial activity against all other tested
bacterial strains. This reduced efficacy may be attributed to factors such as the lower
bioavailability of active compounds in the sea buckthorn extract or variations in nanoparticle size,
shape, and surface characteristics affecting their interaction with bacterial cells [35].

No inhibition was observed with distilled water and berry extracts, while kanamycin exhibited the

strongest inhibition, indicating that the bacterial strains used were highly susceptible to the
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antibiotic. This highlights the comparative effectiveness of green-synthesized AgNPs as

promising antimicrobial agents.
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Fig. 8. Diameters of the inhibition zone for the green-synthesized AgNPs from berry extracts against six
bacterial strains

These results indicate that monodispersity (uniform particle size) in AgNPs can enhance
bioactivity, likely by promoting more uniform interactions with bacterial cell membranes. Further
optimization of nanoparticle synthesis may also improve antibacterial activity by controlling

particle size and surface characteristics.

CONCLUSION

We have successfully synthesized silver nanoparticles from three different Mongolian wild berry
extracts, including blueberry, lingonberry, and sea buckthorn, using a non-toxic, eco-friendly,
and cost-effective method. The SbAE produced spherical and smaller-sized AgNPs covered by
anion, comparable to those from other berry extracts, while LgAE produced spherical and larger-
sized AgNPs covered by anion. When the antioxidant activities of the berry extracts were
evaluated as two different antioxidant agents, lingonberry and its silver nanoparticle showed

excellent results. But the SbAE revealed poor inhibition activities for both assays. Additionally,
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AgNP synthesized from LgAE were found to be superior, as they demonstrated high antioxidant
activity. The AgNP synthesized from BbAE were found to have better antioxidant activity than
its extract. The AgNP synthesized from SbAE was found to have weaker antioxidant activity
than its extract. The AgNPs synthesized from LgAE exhibited stronger antibacterial activity than
the other synthesized silver nanoparticles. These results reveal that both LQAE and Lg-AgNPs
could be promising candidates for antioxidant food supplements, and that Lg-AgNPs exhibit

antibacterial activity.
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