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Abstract
Staphylococcus aureus provokes several clinical infections, and its treatment remains 
challenging due to the rise of multidrug-resistant strains. In the current scenario it’s a 
vital need for alternative strategies to control the spread of MDR S. aureus. Therefore, 
considerable effort has been put forth to develop green nanoparticles. Camellia 
sinensis is enriched with phytocompounds with potent antibacterial properties. 
Green synthesis strategy is more sustainable and non-toxic compared to traditional 
chemical processes. CsAgNps was synthesized by mixing 1 part of fresh extract of C. 
sinensis extract with 2 parts of 1mM silver and employing photocatalytic reduction 
for the period of 8 h until visible colour change was observed. Synthesized CsAgNps 
were characterized by employing various techniques to study the size, charge, 
topography and elemental composition. According to the findings of the in-silico 
analysis, phytocompounds of C. sinensis including Protopine, Ellagic acid, Catechin 
and Techtochrysin were recognized as potential lead compounds against various 
virulent targets in S. aureus. CsAgNps were tested for its antimicrobial and antibiofilm 
activity in MDR and MTCC (1430). The study results showed that it controls growth 
and biofilm formation of strains at the concentration of 12.5 µg/mL. The potential 
lead compounds against various virulent targets in S. aureus were analyzed using 
in-silico technique. Future research in the development of healthcare products will 
focus on optimization of ecofriendly material with targeted and sustainable release 
and enhancing antimicrobial efficacy particularly on MDR pathogens. CsAgNps can 
be incorporated to develop nano-based health care products to control antibiotic 
resistant S. aureus infections.
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1  Introduction
Nanotechnology has transformed many areas of science, delivering innovative and practi-
cal solutions to some of our toughest challenges. The advent of nanomaterials has paved 
the way for groundbreaking applications. As society becomes attuned to environmental 
concerns, the demand for environmentally friendly approaches for nanoparticle synthesis 
has surged. Among these approaches, biological methods stand out as some of the most 
eco-friendly methods of utilizing plant extracts, bacteria, and fungi to fabricate nanoparti-
cles [1]. Metal nanoparticles exhibit unique optoelectrical properties due to their localized 
surface plasmon resonance, making them a subject of intense scientific investigation [2]. 
Among these, silver nanoparticles (AgNPs) have garnered significant attention due to their 
diverse applications, especially in biomedicine. The synthesis of AgNPs can be achieved 
through various strategies, one of which is the bottom-up approach. An eco-friendly and 
efficient variant of this approach is the green synthesis method of nanoparticles [3]. The 
research interest is growing towards synthesis of green nanoparticles for various appli-
cations in various sectors including healthcare, textiles, food and many more. Several 
methods including physical and chemical methods are existing however the usage of haz-
ardous chemicals, and release of toxic byproducts limits these traditional strategies. Plant-
mediated synthesis offers advantages over microbial methods, primarily attributed to the 
presence of phytocompounds in plant extracts that contribute to the reduction and stabi-
lization of nanoparticles by reducing Ag + ions to Ag nanocrystals [4]. Since plant extract 
nanoparticles are more preferable to microorganism-based nanoparticles because they 
do not need specific, intricate procedures including isolation, culture management, and 
multiple purification stages. Additionally, there are other benefits of using plants extracts 
to synthesise nanoparticles, including the usage of aqueous extract, milder reaction con-
ditions, greater practicality, and their numerous applications in healthcare applications. 
The green synthesis approach can use any part of the plants including leaves, flowers, 
stem, root, fruit, resins, gums, tubers, rhizomes etc. Plant extracts are known to contain 
numerous beneficial phytocompounds including flavonoids, phenols, steroids, alkaloids, 
terpenoids, proteins, amino acids, polysaccharides with potent antibacterial activity even 
in multidrug resistant organisms [5]. There are previous reports showing that the silver 
nanoparticles synthesized by using extracts of Gardenia thailandica peel, Mangifera 
indica, Aegle marmelos, Citrus maxima peel, red seaweed Spyridia filamentosa, vegetable 
waste, and Cocos nucifera exhibited significant antibacterial activity against Staphylococcus 
aureus, Escherichia coli, Klebsiella pneumoniae, Acinetobacter baumannii [6].

The emergence and rapid evolution of antibiotic-resistant bacterial pathogens, par-
ticularly Gram positive S. aureus, pose significant challenges to public health. These 
bacteria have a very adaptable nature and because of this property, they have become 
resistant to many antibiotics. Methicillin-resistant Staphylococcus aureus is one such 
example which makes the patient most vulnerable to several associated infections, espe-
cially hospital stays [7]. S. aureus is a versatile human bacterial pathogen that can cause 
mild to heavy infections and can sometimes be asymptomatic too. S. aureus bacteremia 
(SAB), an infection of the bloodstream, is the entry of bacteria into the bloodstream. Age 
plays a major role as the incidence of SAB is very high during early childhood and late 
adulthood. Nanoparticles can be explored as alternative treatments to treat antibiotic-
resistant S. aureus infections. The rise of methicillin-resistant S. aureus exemplifies the 



Page 3 of 19Juzer et al. Discover Nano           (2025) 20:92 

dire consequences of antibiotic resistance, necessitating innovative alternatives for treat-
ment [8].

The utilization of medicinal plants for the biomedical applications particularly treat-
ing clinical isolates that exhibit multi-drug resistance is the need of the hour. The main 
advantages of plant based medical/ healthcare products are they are less harmful than 
synthetic drugs, have significant therapeutic effects, and are more cost effective. There is 
scientific evidence to support the idea that a number of plants contain phytocompounds 
that are physiologically active, and many drugs which are used in modern medicine are 
mimics (structural/functional similarities) of the phytocompounds that are derived from 
plants. Some plant extracts were believed to have strong inhibitory effects on pathogenic 
mDR bacteria, which could aid in the development of potent antimicrobial agents. One 
such plant is Camellia sinensis, commonly known as green tea, which is regularly con-
sumed around the world for its numerous health benefits, including anti-inflammatory 
properties, immune system support, protection against heart disease and certain can-
cers, as well as its calming and soothing effects. The enormous health benefits of tea 
leaves are primarily because of their phytochemical makeup which makes it a prime 
option for synthesizing environmentally friendly green nanoparticles. The presence of 
many phytochemicals, including catechins, epigallocatechin gallate (EGCG) and other 
polyphenols, in Camellia sinensis exhibits its antibacterial, antioxidant and reduc-
ing properties [9]. These properties are especially helpful in the biosynthesis of silver 
nanoparticles (AgNPs), which requires reducing and stabilising agents to protect the 
nanoparticles from aggregation. They also help reduce silver ions (Ag+) into their metal-
lic state. Green tea extracts have reported to have notable antimicrobial properties in 
Gram negative and Gram-positive bacteria [10]. The catechins and other phytocom-
pounds which are present in C. sinensis have been shown to disrupt bacterial cell walls, 
interfere with enzyme function, and modulate the immune system, further enhancing 
the antimicrobial activity of the synthesized silver nanoparticles. The upsurge of mul-
tidrug-resistant (MDR) bacteria, especially in Staphylococcus aureus, has developed 
a dire need for alternative antimicrobial agents [11]. Recent studies have shown that 
green silver nanoparticles exhibit remarkable effectiveness in combating MDR strains, 
this synergy could potentially overcome the limitations posed by traditional antibiot-
ics. Moreover, the green synthesis of nanoparticles using C. sinensis offers a more sus-
tainable approach. Unlike chemical methods that often generate toxic by-products, the 
plant-based synthesis of silver nanoparticles is environmentally benign, contributing to 
a cleaner and greener approach to nanotechnology. Though there are a number of plant 
sources utilized for the nanoparticles synthesis, the ease of availability and its extraordi-
nary phytochemical profile, antibacterial effect make us to select Camellia sinensis as the 
best candidate for the synthesis of ecofriendly nanoparticles to combat drug-resistant 
Gram-positive organisms [12].

Considering the beneficial attributes of C. sinensis stands out as a highly suitable plant 
for the biosynthesis of silver nanoparticles, offering both scientific and practical advan-
tages in the fight against antimicrobial resistance. This study specifically explores the 
use of C. sinensis-mediated silver nanoparticles as a potential eco-friendly antimicrobial 
agent to control multidrug-resistant Staphylococcus aureus, providing new insights into 
the role of plant-based nanomaterials in modern medicine. Moreover, this study encom-
passes both in-silico and in-vitro investigations, employing molecular docking studies to 
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unravel the binding affinity of Camellia sinensis phytocompounds with various S. aureus 
virulent proteins. Subsequent in vitro studies further validate the efficacy of Camellia 
sinensis-mediated silver nanoparticles in combatting the pathogenic S. aureus.

2  Materials and methods
2.1  Extraction and phytochemical analysis of Camellia sinensis leaves extract

The fresh extracts of Camellia sinensis leaves were obtained from the Western Ghats. 
Camellia sinensis leaves were identified and authenticated by Dr. D. Narasimhan, a bota-
nist based in Chennai. A specimen of the leaves was deposited at School of Life Sciences, 
BSACIST, Chennai (Accession number: SLS-BSAU-21008). Collected fresh leaves were 
cleaned and made into fine paste. 10 gm of paste was macerated overnight in 100 mL of 
autoclaved water. A purified extract of Camellia sinensis was obtained using centrifugation 
followed by filtration with Whatman filter paper [13, 14]. The phytochemical screening of 
the Camellia sinensis extract was carried out to test various phytochemical compounds 
by using the Harborne method [15]. The fresh Camellia sinensis leaves extract was con-
centrated to fine powder by using lyophilization techniques. Filtered, fresh leaf extract 
was brought to frozen condition by freezing the extract at − 80 °C for 12–24 h. The fro-
zen extract was and then freeze dried into fine powder by using a freeze drier (Alpha 2–4 
Ldplus, Martin Christ, Germany) at 0.013 mbar pressure and − 60  °C for 8 h. Obtained 
lyophilized powder of leaf extract was utilized for further analysis. Lyophilized powder 
was dissolved in 100% methanol. 20uL of sample was injected for LC-MS analysis (Waters 
Xevo G2 XS QTOF) to analyze the compounds. 0.1% Formic acid in water and acetonitrile 
was used as mobile phase A and B respectively. MassLynx V4.1 was used to process the 
obtained spectrum to study the details of phytochemical composition of the fresh green 
Camellia sinensis extract.

2.2  In silico studies

From the LC-MS analysis results, 77 compounds were obtained, out of which only 30 
compounds that obeyed all five of Lipinski’s rules were selected and docked against 
our desired proteins of interest. (Table 1). These phytoconstituents along with ampicil-
lin were selected for interactions against different bacterial proteins of the pathogen S. 
aureus (Table 2). The 3D structures of bacterial proteins were obtained from the Pro-
tein Data Bank (PDB) and the phytocompounds were downloaded in SDF format from 
PubChem. With the assistance of SwissADME and Lipinski’s rule of 5, phytocompounds 
were screened to determine their similarity to pharmaceuticals. Prior to performing 
docking, proteins including Penicillin-binding protein mecA (PDB ID: 1VQQ) of S. 
aureus, Metallo-beta-lactamase (PDB ID: 3R2U) of S. aureus subsp. aureus COL, C (30) 
carotenoid dehydrosqualene synthase complexed with dehydrosqualene (DHS) (PDB 
ID: 3R2U) of S. aureus subsp. aureus, C (30) carotenoid dehydrosqualene synthase com-
plexed with bisphosphonate BPH-830 of S. aureus (PDB ID: 2ZY1) were prepared using 
Discover studio visualizer (DSV) by removing water molecules, hetero atoms, and add-
ing polar hydrogens. Molecular docking was performed using the PyRx software,  and 
the results were visualized by using the Discovery studio visualizer [16–18].
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S. 
No

Compound PubChem Molecular 
weight g/
mol

Water 
solu-
bility 
Log S 
(ESOL)

TPSA 
(Å2)

Does 
it 
obey 
Lipin-
ski’s 
rules 
of 5?

1. Econazole 3198 381.68 g/mol − 5.67 27.05 
Å2

Yes

2. Homocysteine 91,552 135.18 g/mol 1.67 102.12 
Å2

Yes

3. Guanidinosuccinate 439,918 175.14 g/mol 0.62 139.00 
Å2

Yes

4. Methionine sulfoxide 847 165.21 g/mol 1.98 99.60 
Å2

Yes

5. 2-Amino-6-methoxybenzothiazole 15,630 180.23 g/mol − 2.96 76.38 
Å2

Yes

6. 2,5-Dimethoxy-4-chloroaniline 22,833 187.62 g/mol − 2.38 44.48 
Å2

Yes

7. 4-Methyl-5-thiazoleethanol 1136 143.21 g/mol − 1.54 61.36 
Å2

Yes

8. Gyromitrin 9,548,611 100.12 g/mol − 0.15 32.67 
Å2

Yes

9. Tartaric acid 875 150.09 g/mol 0.61 115.06 
Å2

Yes

10. Techtochrysin 5,281,954 268.26 g/mol − 4.39 59.67 
Å2

Yes

11. Indole-3-ethanol 10,685 161.20 g/mol − 1.87 36.02 
Å2

Yes

12. Tryptophanol 6,951,149 190.24 g/mol − 1.73 62.04 
Å2

Yes

13. Trigonelline 5570 137.14 g/mol − 1.39 44.01 
Å2

Yes

14. 4-Hydroxy-3-methoxycinnamic acid 445,858 194.18 g/mol − 2.11 66.76 
Å2

Yes

15. 2-morpholinoethanesulfonic acid 78,165 195.24 g/mol 1.35 75.22 
Å2

Yes

16. Catechin 9064 290.27 g/mol − 2.22 110.38 
Å2

Yes

17. Sulthiame 5356 290.4 g/mol − 1.83 114.30 
Å2

Yes

18. Eugenol 3314 164.20 g/mol − 2.46 29.46 
Å2

Yes

19. Ellagic acid 5,281,855 302.19 g/mol − 2.94 141.34 
Å2

Yes

20. 4,9-dimethoxy-7-(perfluorobutyl)-5 H-furo[3,2-g]
chromen-5-one

1,789,495 464.23 g/mol − 5.66 61.81 
Å2

Yes

21. 1-benzylpiperazine 75,994 176.26 g/mol − 1.96 15.27 
Å2

Yes

22. Milrinone 4197 211.22 g/mol − 2.03 69.54 
Å2

Yes

23. Tilidine 30,131 273.37 g/mol − 3.35 29.54 
Å2

Yes

24. Protopine 4970 353.4 g/mol − 4.13 57.23 
Å2

Yes

25. 4-acetamidobutanoate 18,189 145.16 g/mol − 0.03 66.40 
Å2

Yes

26. 3-Methyl-1-phenyl-1 H-pyrazol-5-amine 70,801 173.21 g/mol − 2.70 43.84 
Å2

Yes

Table 1  Screening the phytocompounds of Camellia sinensis by using lipinski’s rules of 5
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2.3  Synthesis and characterization of CsAgNps

Synthesis of CsAgNps was carried out in the Erlenmeyer flask containing 1:2 ratio of 
fresh leaves extract with 1mM AgNO3 solution (400 mL of pure Camellia sinensis 
extract in 800 mL of silver nitrate solution). The solution was combined and exposed 
to sunlight for photocatalytic activity (approximately 8  h) until the visible colour 
change was observed. After observing prominent colour change, the nanoparticles 
were obtained by centrifuging the colloidal solution. The pellets obtained were purified 
by using ethanol and then dried in a hot air furnace until a fine powder of nanopar-
ticles was obtained. Nanoparticles were dissolved in 10% DMSO for antibacterial assays. 
Fine powders of the synthesized CsAgNPs were used for various characterization tech-
niques. These included UV-Visible spectroscopy to determine optical properties and 
predict the SPR (Surface Plasmon Resonance) peak, FTIR (Fourier Transform Infrared 
Spectroscopy) analysis to identify functional groups, and DLS (Dynamic Light Scatter-
ing) with zeta potential analysis to measure particle size and surface charge. The shape 
and surface topography were examined using FESEM (Field Emission Scanning Electron 
Microscopy), while EDX (Energy Dispersive X-ray Spectroscopy) provided information 
on elemental composition. Crystallinity was assessed through XRD (X-ray Diffraction), 
and HRTEM (High-Resolution Transmission Electron Microscopy) along with SAED 

Table 2  Virulent proteins of S. aureus
S. 
No

PDB (Pro-
tein data 
bank) ID

Protein molecule Organism Gene Classifica-
tion

1. 1VQQ Penicillin-binding protein mecA S. aureus mecA Biosynthet-
ic protein

2. 3R2U Metallo-beta-lactamase S. aureus 
subsp. aureus 
COL

SACOL0046 Hydrolase

3. 3NRI C (30) carotenoid dehydrosqualene synthase 
complexed with dehydrosqualene (DHS)

S. aureus 
subsp. aureus 
A017934/97

crtm, 
SHAG_00345

Transferase

4. 2ZY1 C (30) carotenoid dehydrosqualene synthase 
complexed with bisphosphonate BPH-830

S. aureus crtM Transferase

S. 
No

Compound PubChem Molecular 
weight g/
mol

Water 
solu-
bility 
Log S 
(ESOL)

TPSA 
(Å2)

Does 
it 
obey 
Lipin-
ski’s 
rules 
of 5?

27. 2-Isopropylphenyl methylcarbamate 17,517 193.24 g/mol − 2.55 38.33 
Å2

Yes

28. Temozolomide 5394 194.15 g/mol − 0.79 108.17 
Å2

Yes

29. Scopoletin 5,280,460 192.17 g/mol − 2.46 59.67 
Å2

Yes

30. Dihydroxyacetone phosphate 668 170.06 g/mol 0.91 113.87 
Å2

Yes

31. Ampicillin 6249 349.40 g/mol − 1.15 138.03 
Å2

Yes

Table 1  (continued) 
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(Selected Area Electron Diffraction) was used to study detailed structural features [13, 
14].

2.4  Antibacterial assays

The fresh cultures of S. aureus 18-D and SA MTCC (1430) were grown in Luria-Bertani 
(LB) broth, and all the experiments were carried out at 106 CFU/mL (colony forming unit) 
[16–18]. Pathogenic strain S. aureus 18-D was obtained from Tagore medical college, 
Chennai, after obtaining proper ethical clearance (Ref. no. BSAU: REG-OFF:2016/02SLS).

2.4.1  Agar well diffusion to determine the preliminary antibacterial activity of the CsAgNps

S. aureus − 18-D and SA MTCC (1430) bacterial cultures were swabbed onto freshly pre-
pared LB agar after 24 h of growth. Agar well diffusion was performed by placing 50 µL 
of 10% DMSO (blank) in one well, 75 µL of nanoparticle in one well, 50 µL of nanopar-
ticle in another, one well as a control (25 µL of Ampicillin (1 mg/mL)) and the final well 
with 50 µL of diluted AgNO3 solution. After 24 h of observation, the diameters of the 
zones of inhibition were measured in millimetres. The organism was incubated in an 
incubator at 37 °C [19].

2.4.2  Bacteriostatic, bactericidal, and anti-biofilm activity of CsAgNps

The MIC (minimum inhibitory concentration) was evaluated by following the standard 
protocol as mentioned in the paper [17, 23–26] After 24 h of performing MIC, MBCs 
(minimum bactericidal concentrations) were evaluated by the surface drop method on 
sterile agar plates and were incubated for 24 h at 37 °C and observed. The studies were 
carried out in triplicates, using control (bacterial strains without any treatment), posi-
tive control with standard antibiotics treatment (bacterial strains with ampicillin treat-
ment) and CsAgNps treatment (bacterial strains with CsAgNps treatment). In order to 
carry out the assays plain LB broth was maintained as blank, bacterial strain inoculated 
in LB broth was considered as control, bacterial strain inoculated in LB broth treated 
with ampicillin (25 µg/ml) as standard antibiotics treatment and bacterial strain inocu-
lated in LB broth treated with serially diluted CsAgNps (1 mg/ml) were considered as 
test samples. All the assays were maintained with plain LB broth as blank to check the 
external contamination [20].

After 48 h, the incubated 96-well plates were dipped in water and the contents were 
washed and discarded gently in the water tub. It was then kept for drying. Once dried, 
100 µL of crystal violet was added to all the wells and kept for 15 min in the open air. The 
crystal violet was discarded gently and washed with the help of a water tub. It was kept 
for complete drying. 150 µL of 30% glacial acetic acid (30 mL of 100% or pure glacial 
acetic acid in 70 mL of distilled water) was added to all the wells and the readings were 
taken and noted. The MIC and Biofilm values were both obtained at 595  nm using a 
Perkin Elmer multi-mode reader. The data was tabulated in excel, and two graphs were 
created: the percentage of growth at 24 h and the percentage of biofilm development. 
The experiments were done in triplicate, with the control (no CsAgNps) and CsAgNps 
treatment [21].
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2.4.3  Statistical analysis

The experiments were carried out thrice in triplicates. The graphs were plotted in MS 
Excel, and the mean, standard deviation, and student t-test were calculated. All the val-
ues were represented by computing the mean of triplicate measurements (n = 3). Bars 
indicate the standard deviation. The student t-test was employed to determine statistical 
significance, and the findings were declared significant when P < 0.01=**. The error bars 
reflect ± standard deviation. **test (P < 0.01) [25].

3  Results and discussion
3.1  Phytochemical analysis of fresh Camellia sinensis leaves extract

Phytochemical screening of the fresh Camellia sinensis leaves extract indicated the pres-
ence of flavonoids, phenols, saponins, steroids, terpenoids, alkaloid, glycosides. Camellia 
sinensis leaf extract containing bioactive compounds including flavonoids, phenols, sapo-
nins, steroids, terpenoids, alkaloids, and glycosides exhibit anti-oxidant, anti-bacterial, 
anti-inflammatory, and anti-cancer properties. LC-MS analysis of fresh Camellia sinensis 
leaves extract detected the presence of 77 phytocompounds. Positive and negative mode 
BPI (base peak intensity) and TIC (Total Ion Chromatogram) chromatograms of Camel-
lia sinensis extract are represented in Fig.  1a, b respectively. These phytocompounds of 
C. sinensis leaves extract synergistically contribute its role in nanoparticles synthesis and 
exhibiting its antibacterial property.

3.2  In Silico analysis of Camellia sinensis phytocompounds with S. aureus proteins

The ligand-protein interactions, structural conformations, and binding scores of Camel-
lia sinensis phytocompounds with several S. aureus proteins were analyzed by using 
molecular docking (Tables 3 and 4). The high negative ΔG values imply that the ligands 
have a high binding affinity towards the active site of the receptor, indicating that they 
have antibacterial potential. Moreover, the ligands were evaluated for their absorption, 
metabolism, distribution, and excretion (ADME) attributes, and their drug-likeness 
property was determined by screening the ligands’ Lipinski rule of five. The phytocom-
pounds with the highest binding energy were also a helping hand to the CsAgNps in 
exhibiting the antibacterial property. (Figures  2a and b and 3a and b) Ampicillin was 

Fig. 1  BPI and TIC Chromatograms of Camellia sinensis extract a Positive mode b Negative mode

 



Page 9 of 19Juzer et al. Discover Nano           (2025) 20:92 

taken as the control and some of the phytocompounds exhibited higher binding affinity 
compared to the control. In S. aureus, various Camellia sinensis phytocompounds such 
as 4,9-dimethoxy-7-(perfluorobutyl)-5  H-furo[3,2-g]chromen-5-one, Protopine, Ellagic 
acid, Catechin and Techtochrysin had the lowest optimum binding energies starting from 
− 10 kcal/mol. (Tables 3 and 4). Thus, 4,9-dimethoxy-7-(perfluorobutyl)-5 H-furo[3,2-g]

Table 3  Interaction of S. aureus proteins with phytocompounds of Camellia sinensis
S.No Compound Pub-

Chem 
CID

Bind-
ing 
en-
ergy 
(kcal/
mol) 
Peni-
cillin-
bind-
ing 
pro-
tein 
mecA 
1VQQ

Binding 
energy 
(kcal/
mol)
C (30) 
carot-
enoid 
dehyd-
rosqua-
lene 
syn-
thase 
com-
plexed 
with 
bisphos-
phonate 
BPH-830
2ZY1

1. 4,9-dimethoxy-7-(perfluorobutyl)-5 H-furo[3,2-g]chromen-5-one 1,789,495 − 9 − 9.8
2. Protopine 4970 − 8.3 − 8.8
3. Ellagic acid 5,281,855 − 8.4 − 8.6
4. Catechin 9064 − 8.1 − 8.7
5. Techtochrysin 5,281,954 − 7.8 − 8.8
6. Milrinone 4197 − 7.4 − 7.7
7. Sulthiame 5356 − 7.3 − 7.4
8. Econazole 3198 − 7.1 − 7.7
9. Ampicillin 6249 − 6.9 − 7.4
10. Tryptophanol 6,951,149 − 6.4 − 7.1
11. Scopoletin 5,280,460 − 6.6 − 7.1
12. Temozolomide 5394 − 6.5 − 6.5
13. 2− Isopropylphenyl methylcarbamate 17,517 − 6.1 − 6.9
14. Guanidinosuccinate 439,918 − 6.1 − 5.4
15. 4− Hydroxy− 3− methoxycinnamic acid 445,858 − 6 − 6.6
16. Indole− 3− ethanol 10,685 − 5.8 − 6.6
17. 3-Methyl-1-phenyl-1 H-pyrazol-5-amine 70,801 − 5.8 − 6.5
18. Eugenol 3314 − 5.6 − 6.4
19. 1-benzylpiperazine 75,994 − 5.5 − 7.1
20. Tilidine 30,131 − 5.6 − 6
21. Tartaric acid 875 − 5.4 − 5.6
22. Trigonelline 5570 − 5.3 − 5.3
23. 2-Amino-6-methoxybenzothiazole 15,630 − 5.2 − 6.1
24. 2-morpholinoethanesulfonic acid 78,165 − 5.1 − 5
25. 2,5-Dimethoxy-4-chloroaniline 22,833 − 4.6 − 5.4
26. 4-acetamidobutanoate 18,189 − 4.7 − 4.8
27. Dihydroxyacetone phosphate 668 − 4.6 − 5.3
28. 4-Methyl-5-thiazoleethanol 1136 − 4.4 −  0.4.4
29. Methionine sulfoxide 847 − 4.4 − 4.4
30. Homocysteine 91,552 − 4.1 − 3.9
31. Gyromitrin 9,548,611 − 4.1 − 3.7
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Table 4  Interaction of S. Aureus subsp. Aureus COL and S. Aureus subsp. Aureus A017934/97 proteins 
with phytocompounds of Camellia sinensis
S.No Compound PubChem Bind-

ing 
En-
ergy 
(kcal/
mol)
Metal-
lo-
beta-
lacta-
mase
3R2U

Bind-
ing 
En-
ergy 
(kcal/
mol)
C (30) 
carot-
enoid 
dehy-
dro-
squa-
lene 
syn-
thase 
com-
plexed 
with 
dehy-
dro-
squa-
lene 
(DHS)
3NRI

1. Protopine 4970 − 10 − 8.3
2. 4,9-dimethoxy-7-(perfluorobutyl)-5 H-furo[3,2-g]chromen-5-one 1,789,495 − 9.4 − 9.6
3. Ellagic acid 5,281,855 − 9.5 − 8.2
4. Techtochrysin 5,281,954 − 8.7 − 9.3
5. Catechin 9064 − 8.6 − 8.7
6. Sulthiame 5356 − 8.1 − 8
7. Ampicillin 6249 − 7.9 − 8.2
8. Econazole 3198 − 7.6 − 8.1
9. Milrinone 4197 − 7.3 − 6.1
10. Tilidine 30,131 − 7 − 5.6
11. 3-Methyl-1-phenyl-1 H-pyrazol-5-amine 70,801 − 6.9 − 6.3
12. Tryptophanol 6,951,149 − 7 − 6.9
13. 2-Isopropylphenyl methylcarbamate 17,517 − 7 − 6.5
14. Scopoletin 5,280,460 − 6.9 − 6.9
15. Temozolomide 5394 − 6.8 − 5.9
16. 4-Hydroxy-3-methoxycinnamic acid 445,858 − 6.7 − 6.6
17. Indole-3-ethanol 10,685 − 6.6 − 6.4
18. 1-benzylpiperazine 75,994 − 6.4 − 7.1
19. Eugenol 3314 − 6.3 − 6.1
20. Guanidinosuccinate 439,918 − 6.2 − 5.2
21. 2-Amino-6-methoxybenzothiazole 15,630 − 6.2 − 5.8
22. Trigonelline 5570 − 5.6 − 5.2
23. 4-acetamidobutanoate 18,189 − 5.4 − 4.6
24. 2,5-Dimethoxy-4-chloroaniline 22,833 − 5.3 − 5.3
25. Tartaric acid 875 − 5.2 − 5.1
26. 2-morpholinoethanesulfonic acid 78,165 − 5.1 − 5.5
27. 4-Methyl-5-thiazoleethanol 1136 − 4.8 − 4.3
28. Dihydroxyacetone phosphate 668 − 4.8 − 5
29. Methionine sulfoxide 847 − 4.7 − 4.4
30. Gyromitrin 9,548,611 − 4.3 − 3.8
31. Homocysteine 91,552 − 4.3 − 3.9



Page 11 of 19Juzer et al. Discover Nano           (2025) 20:92 

chromen-5-one, Protopine, Ellagic acid, Catechin and Techtochrysin have been recog-
nized as potential lead compounds against various proteins and enzymes in S. aureus.

3.3  Biogenesis and characterization of CsAgNps

Camellia sinensis leaves plant extract mediated silver nanoparticles were synthesized by 
employing green synthesis strategy. The phytocompounds in the fresh Camellia sinensis 
leaves extract were the prime compounds for initiating the reduction reaction during 
the synthesis of CsAgNps [22]. The formation of CsAgNps was initially confirmed by 

Fig. 3  2d interaction of virulent proteins of S. aureus with phytocompounds of Camellia sinensis: a Interactions of 
2ZY1- C(30) carotenoid dehydrosqualene synthase complexed with bisphosphonate BPH-830 with Protopine (A), 
Ellagic acid (B), 4,9-dimethoxy-7-(perfluorobutyl)-5 H-furo[3,2-g]chromen-5-one (C), Techtochrysin (D). b Shows 
the various interactions of 3NRI- C(30) carotenoid dehydrosqualene synthase complexed with dehydrosqualene 
(DHS) with 4,9-dimethoxy-7-(perfluorobutyl)-5  H-furo[3,2-g]chromen-5-one (E), Techtochrysin (F), Catechin (G), 
Protopine (H)

 

Fig. 2  2D interaction of virulent proteins of S. aureus with phytocompounds of Camellia sinensis: a Interactions of 
1VQQ- penicillin-binding protein mecA with 4,9-dimethoxy-7-(perfluorobutyl)-5 H-furo[3,2-g]chromen-5-one A, 
Ellagic acid (B), Protopine (C), Catechin (D). b Interactions of 3R2U- Metallo-beta-lactamase with 4,9-dimethoxy-
7-(perfluorobutyl)-5 H-furo[3,2-g]chromen-5-one (E), Protopine (F), Techtochrysin (G), Catechin (H)
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the color change of silver nitrate solution from colorless to brownish wood color after 
the addition of purified fresh Camellia sinensis extract to the silver nitrate solution. UV 
visible spectroscopy showed the SPR peak around 400–450 nm confirming the synthesis 
of CsAgNps (Fig. 4a). The optical properties of the nanoparticles depend on the size of 
the particles. The results were consistent with the previously reported green nanopar-
ticles synthesized by using S. officinalis [23]. The phytocompounds are reported to play a 
major role in reduction of silver nitrate during the synthesis of CsAgNps. Tea leaf extract 
is rich in various phytocompounds including epigallocatechin gallate (EGCG), epicat-
echin, epigallocatechin, epicatechin gallate, quercetin, kaempferol, ellagic acid, and gal-
lic acid. There are reports supporting that flavonoids, phenolics play a major role in the 
reduction of silver nitrate and helps in the stabilization of the nanoparticles [24].

The XRD analysis of CsAgNps typically shows peaks corresponding to the (111), (200), 
(220), and (311) planes, aligning with the face-centered cubic (FCC) structure of silver, 
and these peaks are often compared with JCPDS file number 04-0783. The diffraction 
peaks corresponding to the (111), (200), (220), and (311) planes typically appear at 2θ 
values of approximately 38.2°, 44.4°, 64.6°, and 77.3°, respectively. XRD analysis confirms 
the crystalline nature and presence of silver in CsAgNps. The size of CsAgNps crystallite 
can be measured by applying Scherrer equation, where D = Kλ / βCosθ where D is the 
nanoparticle’s crystalline size, K represents the Scherrer constant (0.98), λ denotes the 
wavelength (1.54), and β denotes the full width at half maximum (FWHM) [25, 26] and 
the crystallite size of the CsAgNps was calculated as 21.26 nm (Fig. 4b).

The zeta potential analysis of CsAgNps confirms the surface charge of -33.4 mV, con-
ductivity of 0.0823 mS/cm (Fig.  4c). Zeta potential value implies the stability of the 
nanoparticles in the colloidal solution. The negative zeta value shows the electrostatic 
repulsion between the particles which makes the particles move apart and avoid aggre-
gation. The literature states that stable nanoparticles have a zeta potential more than 
+ 30 mV or less than − 30 mV. Hence the zeta potential value of CsAgNps confirms as a 
stable nanoparticles. The negative potential was obtained because of the capping agent 
that was present in the fresh leaves extract of C. sinensis [27].

Fig. 4  Characterization of the synthesized CsAgNps: a UV visible spectrum of C. sinensis leaves extract extract 
mediated CsAgNps showing the SPR peak. b XRD spectrum of CsAgNps depicting face-centered cubic (FCC) struc-
ture, c Surface charge of CsAgNps obtained by zeta potential analysis, d Size of CsAgNps obtained by zeta sizer
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The Zeta sizer was used to measure the hydrodynamic size of the nanoparticles, with 
the CsAgNPs showing a size of 151 d.nm (Fig. 4d). Typically, the size measured by DLS 
appears larger than what is observed through electron microscopy. This is because, in a 
colloidal solution, nanoparticles form a hydrodynamic layer around them, which leads to 
a larger apparent particle size when analyzing scattered light in the DLS measurement. 
Polydispersity index (PDI) was used to determine the homogeneity or heterogeneity of 
the sample based on their size. PDI value of 0 indicates monodispersity, whereas a score 
of 1 indicates polydispersity. According to reports, samples can be classified as mono-
disperse if their PDI values are less than 0.3. The PDI of value of CsAgNps was observed 
as 0.396 which confirms the monodisperse nature of the nanoparticles. The results were 
consistent with the silver nanoparticles synthesized by using Haematococcus pluvialis 
extract [28].

FTIR analysis was performed both for the extract and CsAgNps to study the functional 
groups which were involved in the synthesis of CsAgNps. FTIR spectrum of extract 
indicates the presence of peaks at 3321.78, 2921.63, 2852.2, 2164.7, 2058.64, 2015.25, 
1986.32, 1616.06, 1536.02, 1449.24, 1366.32, 1230.36, 1145.51, 1032.69, 823.455, 760.78, 
613.252, 420.406 cm− 1 which corresponds to functional groups namely O-H (hydroxyl) 
or N-H (amine), C-H (alkane), C-H (alkane), C ≡ C (alkyne) or C ≡ N (nitrile), C ≡ C 
(alkyne), C = C = C (allene) or Overtones, Overtones or weak C = C, , C=C (alkene or aro-
matic), NO   2 (nitro), C-H (alkane bending), C-H (alkane bending), C-O (ether, ester), 
C-O (alcohol, ester), C-O (alcohol, ether), C-H (aromatic), C-H (aromatic or alkene), 
C-H (aromatic) or C-X (halides), C-X (halides) respectively (Fig. 5a). FTIR spectrum of 
CsAgNps indicates the presence of peaks at 3900.32, 3856.93, 3758.58, 3323.71, 2978.73, 
2851.24, 2320.91, 2162.78, 2056.71, 1983.43, 1716.34, 1617.98, 1516.74, 1464.67, 1368.25, 

Fig. 5  Characterization of the synthesized CsAgNps by FTIR analysis: a FTIR spectrum of C. sinensis leaves extract. 
b FTIR spectrum of C. sinensis leaves extract mediated CsAgNps
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1240.97, 1162.87, 1026.91, 831.69, 720.282, 504.294, 668.214, 467.653, 426.334  cm⁻¹ 
which corresponds to functional groups namely O-H (strong, broad), O-H (strong, 
broad), O-H (sharp), N-H or O-H, C-H (alkane), C-H (alkane), C ≡ N or C ≡ C, C ≡ C or 
C ≡ N, C ≡ C (alkyne), C = C = C (Allene) or Overtones, C = O (carbonyl), C = C (aromatic 
or alkene), NO2 (nitro), C-H (alkane bending), C-H (alkane bending), C-O (ether, ester), 
C-O (alcohol, ester), C-O (alcohol, ether), C-H (aromatic), C-H (alkane bending), C-X 
(halides), C-H (aromatic), C-X (halides), C-X (halides) respectively (Fig.  5b). The OH 
stretching represents the alcohol and phenols that were present in the leaf extract. The 
stretching of OH also contributed by the presence of enzymes, proteins, and carbohy-
drates that were present in the leaf extract. The presence of many functional groups in 
extract and CsAgNps indicate role of functional groups in reduction and capping during 
the synthesis of nanoparticles.

Similar to the leaf extract of C. sinensis, C. haematocephala also contains gallic acid. 
Gallic acid was reported to reduce silver ions. The OH group that is present in gallic 
acid forms intermediate compound and reduce the metallic silver by means of oxida-
tion to form quinone structure. Similar to gallic acid, there are many phytocompounds 
responsible for reduction and capping. These phytocompounds play a predominant role 
in deciding the shape, size, charge, physical and biological properties, mechanism of 
antimicrobial action and many more [29].

FESEM image confirmed the presence of spherical shaped nanoparticles by showing 
the aggregates of nanoparticles which are less than 100 nm in size (Fig. 6a). The appear-
ance of aggregation was because of sample processing steps involved during FESEM 
analysis. The FESEM results are consistent with the UV visible spectrum between 400 
and 450 nm which corresponds to spherical shaped nanoparticles as well as the DLS also 
interprets the hydrodynamic size of 151 d.nm. The EDAX results of CsAgNps showed a 
signal peak at 3 keV and this confirmed the abundance of silver along with traces of oxy-
gen, sulfur and carbon (Fig. 6b).

Fig. 6  Characterization of the synthesized CsAgNps: a Morphology of the synthesized CsAgNps by FESEM analysis. 
b EDAX results confirming the presence of silver in CsAgNps c Size of the synthesized CsAgNps shown through 
HR-TEM results. d SAED results of the synthesized CsAgNps
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HR-TEM images confirmed the morphology of the nanoparticles as spherical with the 
size around 26 nm (Fig. 6c). The SAED image showed the crystal lattice structure of the 
synthesized CsAgNps and the analysis revealed that the d spacing between two particles 
were 8.67 1/nm and 6.18 1/nm. (Fig. 6d) Biological activity of CsAgNps is influenced by 
a variety of parameters, including surface chemistry, size, shape, agglomeration, particle 
morphology, particle composition, cell type, etc., and these physicochemical qualities 
improve bioavailability, cellular absorption, and penetration, distribution, and overall 
therapeutic effects [30].

3.4  Antibacterial effect of CsAgNPs

The antibacterial ability of the synthesized CsAgNps was confirmed by using the agar well 
diffusion technique. S. aureus strains were examined (18-D and SA MTCC (1430)) and 
the antibacterial property of CsAgNps at various concentrations (50  µg/mL and 75  µg/
mL) was confirmed by observing clear zones of inhibition. SA MTCC showed a zone 
of inhibition of 32 mm for ampicillin (control). Controls, including AgNO3 and DMSO, 
showed no zones of inhibition (Fig. 7a). Ampicillin served as a positive control, represent-
ing a standard antibiotic to compare the antibacterial activity of the nanoparticles. Silver 
nitrate (AgNO₃) was used as a chemical control, since the nanoparticles were synthesized 
using AgNO₃. This helps determine whether any observed antibacterial activity is due 
to the nanoparticles themselves or simply the presence of silver ions. Dimethyl sulfoxide 
(DMSO) was used as a solvent control, as the nanoparticles were later dissolved in 10% 
DMSO. This ensures that any antibacterial effect is not due to the solvent alone. The zone 
of inhibition for SA MTCC (1430) showed the diameter of clearance of 20 mm and 24 mm 
and for 18-D, it was 18 mm and 19 mm at the concentrations of 50 µg/mL and 75 µg/
mL respectively. Generally, AgNPs provoke concerns about the potential adverse impact 
on human health. But when they are produced by green synthesis, they have less harmful 
effects. CsAgNps have comparatively lower cytotoxicity than other antibiotics in normal 

Fig. 7  Antibacterial and antibiofilm potential of CsAgNps: a Screening the antibacterial activity of CsAgNps in S. 
aureus strains (18-D and SA MTCC) A- 50 µL of silver nitrate solution; B- 25 µL of Ampicillin (1 mg/mL); C- 50 µL 
DMSO as blank; D- 50 µL of CsAgNps (1 mg/mL) (Zone A); E- 75 µL of CsAgNps (1 mg/mL) (zone B). b Growth rate 
computed after 24 h of CsAgNps treatment in SA MTCC and 18-D. c Percentage of biofilm formation to analyze 
the antibiofilm activity of CsAgNps in S. aureus strains. Error bars represent means ± standard deviation. ** t test 
(P < 0.01)
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cells. This may be because of the natural compounds in the Camellia sinensis extract that 
are present in the CsAgNps [31]. Due to their small size in the nanometer range, larger 
surface area, and other unique physicochemical properties, these silver nanoparticles 
exhibited antibacterial properties, which led to the disruption of bacterial cells because of 
the formation of gaps on the membrane. The capacity of the synthesized nanoparticles to 
adhere to the bacterial cell membrane was correlated with bacterial protein degradation 
and cell permeability [32].

The MIC readings were acquired visually based on the turbidity present in the 96 
well plates and were found as 0.78 µg/mL for 18-D and 1.56 µg/mL for SA MTCC. The 
growth rates were computed by plotting the graph for 24 h through the absorbance read-
ing obtained at 600  nm in a multi-mode reader. (Fig.  7b). The CsAgNps-treated wells 
were compared to control and ampicillin treatment. Tested strains showed an 81% and 
88% decrease in growth percentage compared to the control in SA MTCC and 18-D 
respectively. The strains in the CsAgNps-treated wells grew at a far slower rate than 
the others. The MBC shows the lowest bactericidal concentration of S. aureus bacteria 
required to totally kill the bacterial cells. MBC values were found as 12.5 µg/mL for both 
18-D and SA MTCC strains. MIC and MBC confirmed the antibacterial activity of the 
CsAgNps and its capacity to inhibit and kill S. aureus bacterial strains.

Gram-positive microorganisms have an overall negative charge because they contain 
teichoic acids. Strong interactions between CsAgNps phytocompounds and negatively 
charged cell wall components may explain the potent bactericidal effect of CsAgNps. 
Variable effects of AgNps on Gram-positive and Gram-negative bacteria may be attrib-
utable to differences in membrane structure and cell wall composition, which may affect 
AgNP availability [33]. The ability of CsAgNps to permeate the bacterial membrane 
resulted in structural injury to the membrane. This also led to the leakage of cellular 
contents, such as cell organelles, resulting in cell lysis [34].

The percentage of biofilm formation was reduced by 71% for 18-D and 92% for SA 
MTCC. These results revealed that the nanoparticles exhibited effective antibacterial 
effects in all the tested strains, including antibiotic-resistant strains 18 D. The rate of bio-
film development was also dramatically decreased for all tested strains. Thus, the bac-
teriostatic, bactericidal and antibiofilm formation properties of CsAgNps in S. aureus 
strains were clearly demonstrated in in vitro studies. Due to the reduced size of the syn-
thesized silver nanoparticles, they have a greater surface area and consequently greater 
contact with the cellular membrane, resulting in greater damage. AgNps interferes with 
the thiol (-SH) groups of proteins and enzymes in the bacterial cell wall and enters the 
cytoplasm, CsAgNps interacts with proteins, DNA, and other biomolecules within the 
cell. Due to the ability of CsAgNps to deactivate enzymes, numerous signaling and meta-
bolic pathways which are responsible for biofilm formation. The degradation of chro-
mosomal DNA by synthesized AgNps renders the bacteria incapable of reproduction. 
AgNps can also generate reactive oxygen species, resulting in cellular oxidative stress. 
Additionally, it impacts the bacterial cell’s respiratory processes [33]. CsAgNps exhib-
ited potent bacteriostatic and bactericidal properties in MIC and MBC assays. CsAgNps 
inhibits biofilm formation, as demonstrated by the confirmation of its anti-biofilm activ-
ity (Fig. 7c). This study has proved that synthesized CsAgNps effectively controlled the 
growth and biofilm in the challenging Gram-positive S. aureus.
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The efficacy of CsAgNps in disrupting the biofilms depends on major factors includ-
ing size, shape, charge and phytocompounds of C. sinensis extract. The first and fore-
most drawback of antibiotics is penetration into the biofilm matrix. This can easily be 
overcome by nanosized particles. The synthesized CsAgNps was spherical with a nega-
tive charge that can easily breach into extracellular polymeric substance (EPS) layer. The 
physical interaction of CsAgNps with EPS layer disrupts the polysaccharide and protein 
layers of EPS. The negative charged particles interact with positive charged components 
of EPS layer and destabilize the whole network [35]. In future, CsAgNps coated medical 
implants can be developed to prevent the formation of biofilms from the initial phase by 
interfering with the bacteria’s ability to adhere to surfaces, the nanoparticles can stop the 
early phases of biofilm formation which is very helpful in avoiding infections in medical 
implants and devices.

4  Conclusion
Green synthesis is one of the growing needs for an environmentally friendly and sustain-
able form of nanotechnology-based approach to find alternatives to antibiotics. Conven-
tional chemical techniques frequently use hazardous chemicals and energy, which are 
harmful to the environment and human health. Plant extract mediated nanoparticles pro-
vide a safer and more environmentally friendly alternative that supports to reduce envi-
ronmental impact. In addition to lowering waste and toxicity, green synthesis strategy 
promotes the development of eco-friendly nanomaterials for wide range of biomedical 
applications. The growth of antimicrobial-resistant strains has promoted a search for new 
antibiotics that are cost-effective, biocompatible, and effective against antibiotic-resistant 
bacteria. By harnessing the synergistic potential of CsAgNps, we envision a promising 
avenue for combating Gram-positive antibiotic-resistant bacterial pathogens and advanc-
ing the frontiers of medical science. Phytocompounds of Camellia sinensis extract were 
identified by using LC MS analysis. In silico studies, insights into the interaction between 
Camellia sinensis phytocompounds and bacterial proteins affirm the antibacterial poten-
tial of these compounds. In vitro studies on synthesis of CsAgNps confirmed the potent 
antibacterial and antibiofilm effect on tested S. aureus strains even at lower concentration. 
The anti-bacterial efficacy of CsAgNps as determined by this research in treating these 
bacteria is of utmost importance in the treatment of Gram positive bacterial infections. 
CsAgNps-incorporated products can be developed and commercialized as CsAgNps-
incorporated gels, CsAgNps-incorporated creams, etc. to control infections caused by 
antibiotic-resistant Gram positive pathogens. Hence, CsAgNps may be further explored 
in in-vivo conditions to develop an effective, ecofriendly alternative nanomedicine to treat 
a variety of bacterial infections. The limitations of the research work can be addressed 
by exploring the scalability and reproducibility of the green synthesis method by using 
Camellia sinensis leaf extract mediated nanoparticle synthesis. Future directions include 
investigating the mechanism for enhanced antimicrobial activity in multidrug pathogens, 
assessing the biocompatibility in vivo studies, and exploring the potential applications for 
slow and sustained release of the drugs.
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