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Biosynthesis of silver nanoparticles (AgNPs) using plant extracts serves as an attractive environmentally friendly and cost-

effective alternative to the traditional methods of producing nanomaterials with antimicrobial properties. This article character-

izes AgNPs derived from an aqueous leaf extract of Sorbus aria plants (Sa-AgNPs), and presents the results of their testing 

against antibiotic-resistant clinical bacterial strains. The formation of silver nanoparticles was observed visually according to 

the change in the color of solution and was confirmed by the induced plasmon resonance peak, recorded by UV-Vis spectros-

copy at 450 nm. According to the TEM imaging, the biosynthesized Sa-AgNPs were spherical, with an average size of 47.5 

nm, and exhibited a moderate polydispersity, with the PDI calculated as 0.138. The SEM images confirmed the spherical shape 

of the Sa-AgNPs and the absence of their agglomeration. The phytochemicals from the plant matrix that served as reducing, 

stabilizing, and capping agents for Sa-AgNPs biosynthesis were identified using Fourier transform infrared spectroscopy as 

phenolics, alcohols, terpenes, and proteins, with hydroxyl, carbonyl, carboxyl, and amines being the responsible functional 

groups. The antibacterial activity of the biosynthesized silver nanoparticles was examined using the disc diffusion method 

against two clinically isolated Staphylococcus epidermidis strains that differed in sensitivity to some antibiotics from several 

classes. The growth inhibition of both S. epidermidis strains by Sa-AgNPs was dose-dependent at a concentration range of 

15.625–1,000 µg/mL. The S. epidermidis strain that displayed a stronger resistance to several fluoroquinolones, cephalospor-

ines and aminoglycosides, showed higher susceptibility to the antibacterial action of Sa-AgNPs than the less drug-resistant 

strain. The hemolytic assay revealed a good biological compatibility of the biosynthesized Sa-AgNPs at concentrations of up to 

25 μg/mL. The study results confirmed the potential ability of phytosynthesized silver nanoparticles to achieve considerable 

success in the fight against antibiotic resistance of S. epidermidis. Further research is needed to test a large number of resistant 

clinical strains to clarify the suitability of Sa-AgNPs for development of new antibacterial drugs. 

Keywords: phytosynthesis; AgNPs; antibiotic resistance; bacterial growth inhibition; SEM; TEM; FTIR; hemolytic test.  

Introduction  

 
Nowadays, nanomaterials are used in various fields of medicine, 

and are considered as one of the possible means of overcoming anti-

biotic resistance of pathogenic microorganisms (Salem, 2023; Osman 
et al., 2024; Yadav & Yadav, 2025). Silver nanoparticles (AgNPs) are 
among the most frequently synthesized and studied metallic nanopar-
ticles, as they differ from the natural substances by a larger ratio bet-
ween volume and surface, which increases their biological activity, in 
particular, the ability to inhibit the growth of microorganisms (Mihai-
lović et al., 2023; Akhter et al., 2024). Since the antibacterial effects 
of silver nanoparticles are realized not only at the cellular level, but 

also through their effects on many bacterial structures and metabolic 
processes at the same time, AgNPs pose a low risk of developing 
bacterial resistance (More et al., 2023; Summer et al., 2024). The anti-
microbial effectiveness of silver nanoparticles has been confirmed in 
the numerous tests against Gram-positive and Gram-negative bacteria 
and fungal strains (Al-Rajhi et al., 2022; Didur et al., 2024; Lykholat 
et al., 2025). However, the search for alternative antimicrobial agents 
remains relevant, since numerous pathogenic strains with reduced or 

completely lost sensitivity to conventional antibiotics have been repor-
ted in recent decades (Sánchez-López et al., 2020; Khan et al., 2024).  

Resistance of microorganisms to one or more antibiotics has aris-
en in different countries due to the incorrect and excessive use of 
drugs over a long period (Cook & Wright, 2022). Furthermore, the ef-
fectiveness of conventional antibiotics has been lost due to the opera-
tion of sophisticated evasion mechanisms in pathogenic microbes, 

which makes infections increasingly difficult to treat. Mechanisms 
that confer the bacterial antibiotic resistance include drug inactivation 
by bacterial enzymes, followed by the drug degradation; drug target 
modification; cell wall modification, leading to inhibition of drug up-

take; the active efflux of drugs via efflux pumps; and drug resistance 
gene in the bacterial plasmid (Wiart et al., 2023; Summer et al., 2024). 
The spread of antibiotic-resistant microorganisms increases the dan-
ger of bacterial infections. According to a clinical impact research 
(Ghai, 2024), resistant infections are associated with increased morbi-
dity, mortality, and healthcare costs. Unfortunately, since a proven co-
untermeasure to antibiotic resistance has not been found yet, Vazqu-
ez-Muñoz et al. (2019) stated that the evolution of multiresistant bac-

teria occurs faster than the development of new effective antibiotics.  
One of the commonest microbes in the clinical space is Staphylo-

coccus epidermidis, which can behave as a pathogen, colonizing me-
dical devices, infecting surgical wounds, and causing bacteremia 
(Asante et al., 2021). Although S. epidermidis has traditionally been 
considered an opportunistic bacterium found in the normal skin mic-
robiota, it often becomes resistant to antibiotics. In particular, Oliver 
et al. (2022) found methicillin-resistant strains of S. epidermidis 

(MRSE) to be a frequent cause of keratitis, detected in over 37% of 
the cases. Moreover, S. epidermidis can be resistant to β-lactams, and 
often acquires resistance to other ophthalmic antibiotics such as quin-
olones or tetracyclines. Such a threatening trend represents a serious 
problem related not only to ophthalmic diseases, but also to systemic 
infections. Given the current lack of new antibiotics in development, 
recently noted by Paul et al. (2023), it is necessary to find alternative 
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strategies to combat microbial drug resistance. One of the promising 
approaches for overcoming bacterial resistance can be the use of the 
antimicrobial potential of silver nanoparticles (Ewunkem et al., 2023).  

The synthesis of silver nanoparticles has traditionally been carried 
out by chemical and physical means; however, the use of innovative 
biological (green) synthesis, which is characterized as safe, simple, 
cost-effective, and environmentally friendly, opens up new opportuni-
ties for obtaining AgNPs (Akhter et al., 2024; Osman et al., 2024). 
The main advantage of green synthesis of nanoparticles is that biolog-
ical extracts, including plant-derived, contain various biomolecules, 
such as proteins, amino acids, polysaccharides, phenolic compounds, 

flavonoids, tannins, saponins, terpenoids, and alkaloids, which ensure 
the processes of reducing, stabilization, and capping of nanoparticles 
(Hemmati et al., 2019; Reda et al., 2019; Karan et al., 2024). Biosyn-
thesized silver nanoparticles are highly stable (Raj et al., 2018), bio-
compatible (Hossain et al., 2019), and low-toxic due to the formation 
of a biological corona on the surface of the developed nanoparticles 
(More et al., 2023). In addition, comparative studies have shown that 
silver nanoparticles synthesized biologically from plant and fungal 

extracts displayed better antibacterial activity against Gram-negative 
and Gram-positive pathogenic bacteria than nanoparticles synthesized 
chemically (Aguirre et al., 2020).  

In our study, the phytochemicals of the Sorbus aria leaves were 
used as reducing, stabilizing, and capping agents for the synthesis of 
nanoparticles. Plants of the Sorbus L. genus are widely known in 
ethnomedicine as a source of biologically active compounds suitable 
for the treatment of bacterial, viral, inflammatory diseases, including 

tumors (Sarv et al., 2020; Orsavová et al., 2023). Studies of phytoche-
mical composition of the Sorbus plants revealed a high content of se-
condary metabolites, such as caffeylquinic acids, in particular, chloro-
genic, neochlorogenic, caffeic (Bobinaitė et al., 2020), and ferulic 
(Tas et al., 2023); flavonoids (Tahirovic et al., 2019), including quer-
cetin, rutin, hyperoside, catechin, procyanidins (Rutkowska et al., 
2019; Arvinte et al., 2023); and terpenoids (Sołtys et al., 2020; 
Lykholat et al., 2024). The presence of a rich complex of metabolites 
indicates the potential suitability for AgNPs biosynthesis and deter-

mines the expediency of testing Sorbus plants. To date, only the Sor-
bus aucuparia fruits have been used for the biosynthesis of silver 
nanoparticles, which exhibited a high activity against Gram-negative 
bacteria (Singh & Mijakovic, 2022). The objectives of our study were 
carrying out a biogenic synthesis of silver nanoparticles using an 
aqueous leaf extract of S. aria and testing the ability of the biosynthe-
sized nanoparticles to inhibit clinically isolated drug-resistant S. epi-
dermidis strains.  

 

Materials and methods  

 
Materials. The silver nitrate (99.9% purity) and Triton X-100 

were purchased from Sigma-Aldrich. We used sterile paper discs loa-
ded with fluoroquinolone, cephalosporine, and aminoglycoside antibiot-
ics manufactured by Disk-Aspect (Ukraine); pure sterile paper discs; 
and Meat Peptone Agar RM1049 from HiMedia Laboratories Pvt. Li-

mited (India).  
Collection of plant material and preparation of plant extract. 

The leaves of Sorbus aria plants were collected in May 2024 in the 
Botanical Garden of Oles Honchar Dnipro National University 
(48°26'7" N, 35°2'34" E, Dnipro, Ukraine). The plant material was 
washed with distilled water, dried in the shade, crushed using a mortar 
and pestle, and sieved through a 2 mm mesh. To prepare the aqueous 
leaf extract of S. aria, a 1.5 g sample of dry plant mass in a 100 mL 

conical flask was supplemented with 30 mL distilled water, heated in 
a water bath to 60 ºС and kept for 60 min. After cooling and settling 
for two hours, the extract was centrifuged at 12,000 rpm for 15 min, 
and the supernatant was used for the green synthesis.  

Phytosynthesis of Sa-AgNPs. The production of silver nanopartic-
les based on S. aria leaf extract (Sa-AgNPs) was carried out accor-
ding to an optimized procedure, mixing the plant extract with 
25 mmol/L aqueous solution of AgNO3 in a ratio of 5:1 (v/v). 

The formation of Sa-AgNPs was visually observed as the solution co-
lor changed from yellow to brown after incubation at 37 °C for 3 ho-

urs. To remove plant residues, the colloidal solution of silver nanopar-
ticles was mixed with distilled water (1:5, v/v) and centrifuged at 
12,000 rpm for 15 min, repeating the procedure two times. The super-

natants were removed, and the precipitates containing Sa-AgNPs 
were stored fridge at 4 ºC and used for the further study.  

Ultraviolet-visible spectroscopy. The presence of silver nanopar-
ticles in the colloidal solution of phytosynthesized Sa-AgNPs was 
confirmed by a UV-Vis spectroscopic analysis. To obtain the UV-Vis 
spectra of the Sa-AgNPs, the colloidal solution was diluted (1:20) in 
distilled water, and the absorbance was measured using a NanoDrop 
Micro-UV/Vis spectrophotometer (Thermo Fisher Scientific Inc., 

USA) in a wavelength range of 200–800 nm.  
Transmission electron microscopy (TEM). The shape and size of 

the phytosynthesized Sa-AgNPs were studied using TEM imaging. 
The preparation protocol followed that of the conventional negative 
staining technique, except that the staining was omitted. In particular, 
a 5 µL drop of the diluted Sa-AgNPs solution was applied to the sur-
face of a formvar + carbon-coated TEM grid. After attachment of the 
sample to the film surface (2 minutes), the excess liquid was put away 

from the edge of grid with filter paper followed by grid drying for five 
minutes at room temperature. The samples were analyzed as descri-
bed by Procházková et al. (2018), namely the TEM grids were exami-
ned using a JEOL 1011 TEM (JEOL Ltd., Japan) at 80 kV. The mic-
rophotographs were taken with a Veleta CCD camera equipped with 
the Olympus image analysis software (Olympus Soft Imaging Soluti-
on, Germany) and were later modified using iTEM 5.1 (Germany 
Soft Imaging Solution, Germany).  

Polydispersity calculation. The pattern of size variation of the Sa-
AgNPs was assessed using the polydispersity index, calculated ac-
cording to Clayton et al. (2016).  

Scanning electron microscopy (SEM). The assay was performed 
to study the surface morphology of the plant-mediated Sa-AgNPs, ac-
cording to standard protocol for scanning electron microscopy using 
JEOL JSM-IT800 equipment (JEOL Ltd., Japan). The solution of Sa-
AgNPs was repeatedly filtered through a Millipore type Millex filter 
(0.22 µm). Then, small filter pieces were cut and observed without any 

coating in HRSEM using 7 kV in SE and BSE imaging. An image of 
nanoparticles was obtained at a magnification of 100,000 times.  

Fourier transform infrared spectroscopy (FTIR). To identify the 
functional groups of the plant extract that provided the synthesis and 
stabilization of silver nanoparticles, the cleaned and dried Sa-AgNPs 
were analyzed. The measurement of the ATR-FTIR spectra was con-
ducted using a Nicolet iS10 spectrometer (Thermo Scientific, USA) 
linked with a Golden Gate attachment (Specac, UK), at a frequency 

range of 500–3500 cm−1.  
In vitro antibacterial assay. The antibacterial potential of the Sa-

AgNPs was assessed using the disc diffusion test (Sharma et al., 2022) 
against two S. epidermidis strains provided by the medical diagnostic 
institution Centro-Lab (Ukraine) after being clinically isolated from 
the respiratory tract of different patients, followed by marking with 
unique internal codes CL1 and CL2, and including in the culture col-
lection of the Microbiology, Virology, and Biotechnology Depart-

ment of Oles Honchar Dnipro National University. The daily bacteri-
al cultures with CFU 109 mL–1 were inoculated on a MPA medium in 
Petri dishes. The solutions of Sa-AgNPs were prepared by two-fold 
serial dilution in distilled water to obtain the concentrations in a range 
of 15.625–1000 µg/mL. Sterile paper discs were immersed in the ap-
propriative solutions of Sa-AgNPs and placed on the agar surface. 
The dishes were incubated at 37 ºC for 24 hours, after which the zone 
of inhibition (ZOI) around the paper discs (mm, including disc diame-

ter) was measured.  
Additionally, the analogous test was conducted to evaluate the 

susceptibility of both S. epidermidis clinical isolates to several com-
mercially available antibiotics of different classes, including fluoro-
quinolones (inhibitors of DNA synthesis in bacterial cells), cephalospor-
ins (β-lactam antibiotics, inhibitors of the bacterial cell wall synthesis), 
and aminoglycosides (inhibitors of the bacterial protein synthesis). 
The study results showed the notable variances in the drug-resistance of 

the tested clinical bacterial strains of S. epidermidis (Table 1).  
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Table 1  
Spectra of the antibacterial drug-resistance of the S. epidermidis clinical strains  

Antibiotics Dose, µg/disc Classes of the drugs 
ZOI (mm) of bacterial growth (x ± SD, n = 3) 

strain CL1 strain CL2 

Ofloxacin 5.0 
fluoroquinolones 

22.04 ± 0.65a no activity 

Levofloxacin 5.0 19.18 ± 0.86b no activity 

Ceftriaxone 30.0 

cephalosporins 

14.37 ± 0.26c no activity 

Cefuroxime 30.0 9.39 ± 0.18d no activity 

Cefepime 30.0 8.99 ± 0.43d no activity 

Cefoxitin 30.0 9.12 ± 0.44d no activity 

Gentamicin 10.0 
aminoglycosides 

28.57 ± 1.15e 7.80 ± 0.38a 

Amikacin 30.0 22.22 ± 0.81fa 10.09 ± 0.19b 

Note: different letters in a column indicate a significant difference in mean values according to the Tukey's test (P < 0.05).  

The clinical S. epidermidis strain CL1 was moderately sensitive 

to all the tested antibiotics, least of all to cephalosporins, while the 
strain CL2 was resistant to all the drugs except the aminoglycosides.  

Hemolysis assay. An in vitro hemolytic test was carried out in ac-
cordance with Gul et al. (2021) to assess the toxicity level of the phy-
tosynthesized Sa-AgNPs to human health, specifically, red blood cells 
(RBCs). In particular, 5 mL of blood with anticoagulant provided by 
Centro-Lab from a healthy volunteer was centrifuged at 1,500 rpm for 
5 min, and plasma was removed, and the residue was washed three 

times with normal saline and centrifuged in the mode described abo-
ve. The obtained RBCs were suspended (1:49, v/v) with phosphate 
buffer solution (PBS), pH 7.4, mixed with Sa-AgNPs solutions (con-
centration range 200–3.125 µg/mL), and incubated at 37 ºC for 
2 hours. Then, the samples were centrifuged at 8,000 rpm for 10 min; 
and the absorption was measured at 490 nm. The negative (with PBS, 
pH 7.4) and positive controls (with triton X-100) were prepared ac-
cording to the procedure described above. The percentage of hemoly-

sis was calculated as: % hemolysis = [(Ds − Dn) / (Dp − Dn)] ×100, 
where Ds – sample absorption, Dn – negative control absorption, and 
Dp − positive control absorption.  

Statistical analysis. All the assays were repeated at least three 
times. The microscopic images were taken at least 10 times from dif-
ferent fields of view to obtain the average data. All the data were 
analyzed using one-way ANOVA, and the results were represented as 
mean ± standard deviation (x ± SD). The mean values were compared 
using the Tukey's HSD; and the differences were considered 

significant at P ≤ 0.05.  

 

Results  

 
The preparation of silver nanoparticles based on the aqueous ex-

tract of S. aria leaves (Sa-AgNPs) was visually observed by the color 
change from light brown of the leaf extract to dark brown of the collo-
idal solution due to a reduction of Ag+ to Ag0 in AgNO3 mixed with 

plant extract (Fig. 1a), and was confirmed by the UV-Visible analysis 
that revealed the formation of the surface plasmon resonance (SPR) 

characteristic of metal nanoparticles, with a maximum absorption 

peak at 450 nm (Fig. 1b).  
Electron microscopy techniques, namely TEM and SEM, were 

applied to study the morphological features and topography of the 
phytosynthesized Sa-AgNPs at nanometer scale. The transmission 
electron microscopy of the Sa-AgNPs revealed their sufficiently uni-
form distribution in the colloidal solution (Fig. 2a), as well as their 
predominantly spherical and rarely oval shape (Fig. 2b). A micro-
graph produced by the scanning electron microscopy (Fig. 2c) also 

showed the spherical shape of the Sa-AgNPs and confirmed the ab-
sence of the their aggregation.  

The analysis of variability of the Sa-AgNPs sizes, measured us-
ing TEM and SEM images, detected that the highest percentage of 
nanoparticle had a diameter in a range between 30 and 60 nm and an 
average size of 47.46 ± 17.60 nm (Fig. 2d). The dispersion of the 
biosynthesized nanoparticles was estimated as moderately polydis-
perse, based on the polydispersity index calculated as 0.138.  

To determine the organic functional groups of phytoconstituents 
of the S. aria leaf extract attached to the surface of biosynthesized sil-
ver nanoparticles, we used the FTIR spectroscopy assay (Fig. 3). 
The spectrum of plant extract had strong bands at 3295.0, 2927.4, 
1597.4, 1396.6, 1247.1, and 1064.5 cm–1, as well as some smaller 
peaks in a range of 887.3–552.6 cm–1. The FTIR spectrum of the Sa-
AgNPs showed notable peaks at 3332.9, 2925.4, 2854.9, 2367.7, 
1640.9, 1452.6, 1381.1, 1221.9, 1077.4, and 788.8 cm–1.  

The antibacterial activity assays, carried out using the disc diffu-

sion test, revealed a moderate sensitivity of the S. epidermidis clinical-
ly isolated strains to the phytosynthesized silver nanoparticles (Fig. 4).  

The biosynthesized Sa-AgNPs produced a dose-dependent growth 
inhibition of both CL1 and CL2 strains of S. epidermidis, which were 
previously found to be different in the resistance to some antibiotics 
(Table 2). The hemolytic test conducted with serial dilutions of Sa-
AgNPs from 200 to 3.125 µg/mL revealed that the percentage of 
human RBC hemolysis increased in a dose-dependent manner with 

rising concentrations of Sa-AgNPs (Table 3).  

 

 

Fig. 1. Primary characterization of the Sa-AgNPs: a – visual observation of color change, b – UV–Vis spectrum of the Sa-AgNPs  
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Fig. 2. Electron microscopy assays of the Sa-AgNPs: a, b – TEM; c – SEM imaging; d – size distribution histogram  

 

Fig. 3. FTIR spectra of aqueous extract of S. aria leaves and the biosynthesized Sa-AgNPs  

 

Fig. 4. Antibacterial efficacies of the biosynthesized Sa-AgNPs against S. epidermidis: a – strain CL1, b – strain CL2  
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Table 2  
Inhibition zone diameter of the clinical S. epidermidis strains due to Sa-AgNPs action, mm (x ± SD, n =3)  

Test-culture 
Concentration of Sa-AgNPs solution, µg/mL 

1000.0 500.0 250.0 125.0 62.5 31.25 15.625 

Strain CL1 13.59 ± 0.36a 13.20 ± 0.26a 12.83 ± 0.06b 10.89 ± 0.17c 9.35 ± 0.21d 7.82 ± 0.13e 7.46 ± 0.07f 
Strain CL2 16.24 ± 0.43a 13.96 ± 0.45b 10.28 ± 0.35c 10.22 ± 0.31c 8.57 ± 0.17d 8.41 ± 0.12d 8.25 ± 0.12e 
Note. Different letters in a row indicate a significant difference in means by Tukey's test (P < 0.05).  

Table 3  
Hemolytic activity of the biosynthesized Sa-AgNPs against human RBCs (%, x ± SD, n = 5)  

Concentration of Sa-AgNPs, µg/mL 200.0 100.0 50.0 25.0 12.5 6.25 3.125 

Percentage of hemolysis, % 33.96 ± 1.35a 18.94 ± 0.80b 9.84 ± 0.45c 4.58 ± 0.21d 3.27 ± 0.17e 1.31 ± 0.09f 0.65 ± 0.03g 

Note. See Table 2.  

Discussion  

 
Biological synthesis of silver nanoparticles, popular among re-

searchers, is often based on leaf extracts of plants, including Moringa 
oleifera (U Din et al., 2024), Perilla frutescens (Tavan et al., 2023), 
Mentha longifolia (Adil et al., 2023), and Enicostemma axillare (Raj 
et al., 2018). The plant leaf raw materials are renewable, easily avail-
able during the growing season and usually accumulate high content 

of metabolites, which carry out the direct reduction of silver ions with 
subsequent formation of silver nanoparticles. In our study, the aque-
ous leaf extract of S. aria plants provided effective reduction, stabili-
zation, and capping of Sa-AgNPs, which were validated by the cha-
racteristic peak of surface plasmon resonance (SPR) at 450 nm. The lo-
cations of SPR in a close wavelength interval were determined for 
other plant-derived silver nanoparticles, in particular 415 nm for 
AgNPs from a Dovyalis caffra fruit extract (Al-Rajhi et al., 2022), 
430 nm for AgNPs from a Fritillaria flower extract (Hemmati, 2019), 

442–448 nm for silver nanoparticles from an Asparagus racemosus root 
extract (Amina et al., 2020), and 400–500 nm for different AgNPs de-
rived from S. aucuparia fruit extracts (Singh & Mijakovic, 2022).  

The electron microscopy used in our study is a common method 
for determining the surface and morphological characteristics of na-
noparticles. The analyses using SEM and TEM validated the produc-
tion of silver nanoparticles based on S. aria leaf extract and provided 
the topographic and morphological characteristics of the biosynthesi-

zed nanoparticles on a nanometer scale. The TEM images of the phy-
tosynthesized Sa-AgNPs showed mostly spherical, non-agglomerated 
nanoparticles, uniformly distributed in the colloidal solution. The 
SEM images also demonstrated the predomination of spherical 
AgNPs and revealed the surface morphology that made it possible to 
suggest the biological coating surrounding the nanoparticles. A simi-
lar assumption was reported about a thick biological corona layer sur-
rounding AgNPs produced by a S. aucuparia fruit extract (Singh & 

Mijakovic, 2022), as well as about the biomolecule coating of the na-
noparticles derived from a D. caffra fruit extract, molecules of which 
may attach to the edge of AgNPs and function as chelating agents 
(Al-Rajhi et al., 2022).  

The size of the Sa-AgNPs varied in the range of 30–60 nm and 
the average size ranged 47.46 ± 17.60 nm. These results are consistent 
with the published data, including a particle diameter between 40 and 
70 nm of the AgNPs biosynthesized using Salvia verticillata and Fili-

pendula ulmaria extracts (Mihailović et al., 2023), an average size of 
12 to 53 nm established for the nanoparticles biosynthesized from 
D. caffra fruit extract (Al-Rajhi et al., 2022), and size variation of 20–
30 nm for AgNPs produced using S. aucuparia fruit extract (Singh & 
Mijakovic, 2022). As noted, the polydispersity index was calculated 
as 0.138, characterizing the moderate polydispersity of the biosynthe-
sized Sa-AgNPs. This value is close to the minimal PDI reported by 
Reda et al. (2019), specifically, in an interval from 0.149 to 0.982 for sil-
ver nanoparticles produced using ginger, garlic, and capsicum extracts. 

Since the PDI may characterize the nanoparticles stability (Sharma 
et al., 2022), the moderate polydisperse nature of the biosynthesized 
Sa-AgNPs may be the reason for absence of their agglomeration.  

Phytosynthesis of silver nanoparticles is accompanied by the bin-
ding of chemical components of the plant matrix on the surface of 

AgNPs as blocking and stabilizing agents (Tavan et al., 2023). Identi-
fication of the organic functional groups that are attached to the sur-
face of nanoparticles was carried out using Fourier transform infrared 
spectroscopy. The FTIR spectrum of the Sa-AgNPs showed notable 
peaks at 3332.9, 2925.4, 2854.9, 2367.7, 1640.9, 1452.6, 1381.1, 
1221.9, 1077.4, and 788.8 cm–1. The strong band at 3332.9 cm–1 was 
associated with stretching vibrations of the free –OH groups, indica-
ting the presence of phenols and alcohols (Reddy et al., 2021; Adil et 

al., 2023). The peaks at 2925.4 and 2854.9 cm–1 indicate –CH group 
stretching of alkanes (Amina et al., 2020; Adil et al., 2023), while the 
peak at 788.8 cm–1 suggests stretching of aromatic compounds (Hoss-
ain et al., 2019). The small bands at 2367.7 and 1452.6 сm–1 were at-
tributed to the symmetric vibrations of the –COO functional group 
(Al-Rajhi et al., 2022). The bands at 1640.9 and 1381.1 cm–1 were re-
levant to the stretching vibrations of the –NH group due to the amide 
linkage (Gul et al., 2021; Al-Rajhi et al., 2022). The indistinct peak at 
1602.2 сm–1 was attributed to the –C=C– stretching in flavonoids and 

terpenoids (Singh & Mijakovic, 2022). The peaks at 1221.9 and 
1077.4 cm–1 represent the stretching vibration of the –C–O group, 
respectively, in esters and alcohols (Adil et al., 2023).  

The comparative analysis revealed the notable differences bet-
ween the FTIR spectra of Sa-AgNPs and aqueous extract of S. aria 
leaves, namely the wavenumber shift of all bands, and the reduction, 
appearance, and disappearance of some bands. Sharp decline was ob-
served for the peaks at 3295.0 cm–1 (–OH groups of the phenols and 

alcohols), 1597.4 cm–1 (C=C groups of phenols and terpenoids), 
1396.6 cm–1 (–NH group of proteins), as well as at 1247.1 and 
1064.5 cm–1 (C–O group of esters and alcohols). The disappearance 
of some small peaks was revealed in the range 887–552 cm–1, includ-
ing 887.3 сm–1 responsible for the presence of saponins (Amina et al., 
2020), 817.7 and 610.3 сm–1 represented the bending vibrations of the 
C–H groups of aromatic rings (Tavan et al., 2023), and 552.6 сm–1 in-
dicated the aryl disulfide (S–S) stretching (Sharma et al., 2022). 

The alterations in the band features in the FTIR spectrum of Sa-
AgNPs, as compared with the plant extract spectrum, likely result 
from the involvement of the correspondeing functional groups of 
plant metabolites in the biosynthesis of silver nanoparticles. Accord-
ing to the study results, the greatest contribution to the reduction of 
silver ions and stabilization of nanoparticles have been made by the 
hydroxyl, carbonyl and carboxyl groups of the phenolics, alcohols, 
aldehydes, and esters, as well as by the unsaturated double bonds of 

flavonoids and terpenoids, while amides were important for AgNPs 
capping. Our findings correlate with the data about stabilization of 
nanoparticles through the chelation of silver ions by hydroxyl and 
carbonyl groups of phenolics (Tavan et al., 2023), and about an im-
portant role of the NH, CO, and OH groups in the reduction and sta-
bility of AgNPs (Al-Rajhi et al., 2022).  

Antimicrobial activity appears to be one of the most extensively 
studied aspects of the unique features of biosynthesized silver nano-
particles. Great hopes of researchers are related to the potential ability 

of AgNPs to overcome the drug resistance of pathogenic microorgan-
isms that cannot be controlled by existing conventional antibiotics 
(Vazquez-Muñoz et al., 2019; Adil et al., 2023; Ghai, 2024). The re-
sistant bacterial strains often arise among opportunistic bacteria and 
can develop polyresistance, as is currently the case with S. epidermid-
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is (Oliver et al., 2022). Antibiotic-resistant strains of S. epidermidis 
emerge in the healthcare sector. For example, Mazur et al. (2020) iso-
lated nine multidrug-resistant (MDR) clinical strains of S. epidermidis 

from blood cultures. Thomas et al. (2020) reported on a multidrug-re-
sistant and biofilm-forming coagulase-negative S. epidermidis strain 
with a high minimal inhibition concentration of methicillin at a level 
of 250 µg/mL. Moreover, the undesirable properties of S. epidermidis 
include the ability to serve as a carrier of antibiotic resistance genes 
among Staphylococcus spp. (Xu et al., 2018).  

In our study, two different clinically isolated S. epidermidis 
strains CL1 and CL2 showed susceptibility or resistance, respectively, 

to some common cephalosporins (ceftriaxone, cefuroxime, cefepime, 
and cefoxitin). The strain CL2 was also resistant to fluoroquinolones 
(ofloxacin and levofloxacin). Finally, only aminoglycosides achieved 
the growth inhibition of both S. epidermidis clinical strains, with gen-
tamicin being the most effective against the strain CL1 (inhibition 
zone 28.57 ± 1.15 mm) and amikacin being the most effective against 
the strain CL2 (inhibition zone 10.09 ± 0.19 mm); the effect of ami-
noglycosides on the CL2 strain was on average three times weaker 

than on the CL1 strain. Our findings regarding the multidrug resistan-
ce of the CL2 strain are consistent with the data (Ehlers et al., 2018) 
that all fifty-nine S. epidermidis clinical isolates from the hospital in 
Pretoria were identified as resistant to β-lactams, and had low suscep-
tibility to erythromycin and gentamicin. The high gentamicin activity 
against the cephalosporin-resistant strains CL1 and CL2 could be an 
encouraging result if it were not for the side effects of this drug, such 
as nephrotoxicity, neurotoxicity, ototoxicity, hematological disorders, 

and impairment of liver function (Mazur et al., 2020), which indicates 
the need to find alternative means. The antibacterial activity of bio-
synthesized Sa-AgNPs was exerted against both S. epidermidis strains 
in all tested concentrations, most notably at the doses of 125–
1000 µg/mL, producing maximal ZOIs of 13.6 mm for the strain 
CL1, and 16.2 mm for the strain CL2. As such, the S. epidermidis cli-
nical strain CL2, which displayed stronger resistance to several fluo-
roquinolones, cephalosporines, and aminoglycosides, demonstrated 
slightly higher susceptibility to the antibacterial action of Sa-AgNPs 

than the less drug-resistant strain.  
The inhibition effects of silver nanoparticles on S. epidermidis 

strains have been revealed in some studies. For example, the museum 
strain S. epidermidis MTCC-2639 was observed to be highly suscep-
tible to AgNPs synthesized using a Calliandra haematocephala aque-
ous leaf extract, with the inhibition zone diameter of 30 mm, compa-
red with only 18 mm zone produced by gentamycin (Nilavukkarasi 
et al., 2020). The multidrug-resistant S. epidermidis strain ATCC 

35984 showed susceptibility to the action of AgNPs biosynthesized 
from a Fusarium oxysporum cultural medium, with minimal inhibito-
ry concentration ranging 3.75 to 15 μg/mL and in a dose-dependent 
manner (da Cunha et al., 2023). At the same time, Mazur et al. (2020) 
found no antimicrobial activity of tween-stabilized silver nanopartic-
les (in a range of 21.5 to 1400 µg/mL) against the clinical S. epidermi-
dis strains, which indicates the advantages of biosynthesized silver na-
noparticles over chemically synthesized ones. The antibacterial ef-

fects of AgNPs are realized through the following multilevel mecha-
nisms: penetration via endocytosis; imbalance of membrane potential; 
binding with bacterial cell surface; generation of reactive oxygen spe-
cies (ROS); crosslinking with genetic material; nucleic acid disorgani-
zation; protein disfunction; and enzyme inactivation (Summer et al., 
2024). Therefore, AgNPs are potentially capable of overcoming bac-
terial resistance to cephalosporins, which arises due to the known 
(Munita & Arias, 2016) ability of Staphylococcus spp. to enzymati-

cally inactivate β-lactam antibiotics by staphylococcal penicillinase, 
as well as drugs with other modes of action.  

In the hemolytic assay, the biosynthesized Sa-AgNPs at the tested 
concentrations showed the dose-dependent hemolysis of human 
RBCs in the range 0.65–33.96%. The estimation of the biocompati-
bility of the nanoparticles at a permissible level of 5% according to 
the studies (Hossain et al., 2019; Gul et al., 2021) showed an accepta-
ble effect of Sa-AgNPs in a concentration of up to 25.0 µg/mL. Our 

findings correspond to the study, in which silver nanoparticles biosyn-
thesized from a Ricinus communis leaf extract, tested in a concentra-

tion range of 2–20 µg/mL, exhibited good biocompatibility (hemoly-
sis at the level of 5.01%) at concentrations of up to 12 µg/mL, while 
beyond this limit, the percentage of hemolysis exceeded the permissi-

ble level (Gul et al., 2021). The dose-dependent hemolysis of human 
RBCs of less than 5% (the highest 2.60%) was demonstrated by 
AgNPs biosynthesized based on a M. longifolia extract at concentra-
tions ranging 1.25 to 20 µg/mL (Adil et al., 2023). At a concentration 
of 10–1600 µg/mL, AgNPs derived from Andrographis paniculata 
aqueous steam extract achieved the acceptable percentage of human 
RBC hemolysis (i.e., 4.56%) of up to 60 µg/mL (Hossain et al., 
2019). Silver nanoparticles synthesized with different natural poly-

mers as capping agents showed dose-dependent hemolytic activity in 
the human whole blood samples and in washed erythrocytes (Sri-
vastava et al., 2021). The data presented above confirm that hemolytic 
research is an important component of biocompatibility testing of 
nanomaterials, considering the function of blood as the main carrier of 
foreign substances, including nanoparticles (Ferdous et al., 2018; Gul 
et al., 2021). The hemolytic activity of AgNPs is explained by the di-
rect interactions with erythrocytes, where nanoparticles bind to thiol 

groups of proteins and phospholipids in the erythrocyte membrane, 
which leads to denaturation and disruption of the membrane functions 
(de la Harpe et al., 2019). In summary, the hemolytic activity of bio-
synthesized Sa-AgNPs in the concentration range of 3.125–
25.0 µg/mL can be suggested as well biocompatible and acceptable.  

 

Conclusion  

 

The successful phytosynthesis of silver nanoparticles was carried 
out using the aqueous leaf extract from S. aria plants. The biosynthe-
sized Sa-AgNPs were characterized by the means of appropriate tech-
niques, including UV-Vis spectroscopy, electron microscopy (TEM 
and SEM imaging), and Fourier transform infrared spectroscopy. 
The surface plasmon resonance at 450 nm, spherical shape, average 
size 47.46 ± 17.60 nm, and absence of agglomeration were determi-
ned for the Sa-AgNPs. Phenolics, alcohols, terpenes, and proteins 
were identified as the main reducing, stabilizing, and capping agents, 

and hydroxyl, carbonyl, carboxyl, and amines were the responsible 
functional groups. The disc diffusion test showed the dose-dependent 
antibacterial activity of Sa-AgNPs in the concentration range of 
15.625–1000 µg/mL against two clinically isolated S. epidermidis 
strains differeing in the resistance to several cephalosporins, fluoro-
quinolones, and aminoglycosides. The hemolytic test showed good 
biological compatibility of Sa-AgNPs at concentrations of up to 
25 μg/mL. The obtained results confirmed the potential ability of phy-

tosynthesized Sa-AgNPs to achieve considerable success in the fight 
against antibiotic resistance of S. epidermidis. However, the suitability 
of Sa-AgNPs for the development of new antibacterial drugs requires 
further research testing a larger number of resistant clinical strains. 
In addition, research may also aim to identify the phytochemicals of 
S. aria leaf extract involved in the biosynthetic process to produce Sa-
AgNPs.  
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