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ABSTRACT 22322 O

T o=9 4
Antimicrobial resistance represents a global health burden requiring innovative therapeutic strategies. The g% 2 2 o)
antibacterial properties of Salvia officinalis (S. officinalis) are attributed to its bioactive compounds. The present & & & & =
study aimed to investigate the antimicrobial activity of nano-encapsulated S. officinalis leaf extract against <. g—g Z jZ>
methicillin-resistant Staphylococcus aureus (MRSA) and Acinetobacter baumannii (A. baumannii). The crude 2 & = 5 =
extract of S. officinalis was subjected to methanolic extraction, and the resulting methanolic fraction was analyzed 2 8 7 3
through phytochemical screening. Phytocompounds were identified using gas chromatography-mass spectrometry 1, ro 3 = 0
(GC-MS), and their potential mechanisms of action were evaluated in silico. The S. officinalis extract was nano- = § S8 d
formulated using chitosan and characterized by scanning electron microscopy (SEM), Fourier transform infrared > O
spectroscopy, and UV-visible spectroscopy. Antibacterial activity of the nano-formulation against MRSA and A. |-'|_-|

baumannii was assessed using agar well diffusion, broth microdilution, and minimum bactericidal concentration
analysis. Qualitative phytochemical analysis revealed the presence of flavonoids, alkaloids, tannins, saponins, and
terpenoids. The GC-MS analysis demonstrated 15 peaks, representing 14 distinct compounds, with one compound
(3,7,11,15-tetramethyl-2-hexadecen-1-0l) eluting at two retention times. Chitosan nanoparticle formation was
confirmed by an absorption peak near 290 nm. The functional groups of chitosan nanoparticles included hydroxyl (-
OH) and amide (-NH:) groups, along with C-H, C-N, C-O, and P=0 stretching. The SEM imaging exhibited
relatively homogeneous, well-dispersed, spherical nanoparticles. The antimicrobial efficacy of S. officinalis chitosan
nanoparticles was concentration-dependent, reaching maximum inhibition zones of 21 + 0.5 mm against MRSA and
17 + 1.5 mm against A. baumannii at 500 pg/mL. Additionally, susceptibility testing revealed minimum inhibitory
concentrations of 62.5 pg/mL and 125 pg/mL, and minimum bactericidal concentrations of 125 pg/mL and 500
pg/mL against MRSA and A. baumannii, respectively. Molecular docking analysis indicated that phytocompounds
within the methanolic extract exhibited binding affinity toward penicillin-binding protein 2a (PBP2a) and the
carbapenem-associated outer membrane protein (CarO). The interactions between the phytochemicals and protein
targets indicated that binding to catalytic sites could inhibit the function of these resistance-associated proteins,
potentially reducing antibiotic degradation. The biosynthesized S. officinalis chitosan nanoparticles exhibited strong
antimicrobial activity against multidrug-resistant bacterial isolates, supporting their potential as antimicrobial agents.

Keywords: Acinetobacter baumannii, Antimicrobial resistance, Methicillin-resistant Staphylococcus aureus,
Nanoparticle, Salvia officinalis

INTRODUCTION

Antimicrobial resistance (AMR) represents a significant global health challenge, largely attributed to the misuse and
overuse of antibiotics across human and veterinary medicine, leading to the emergence of resistant microorganisms
(Ahmed et al., 2024). Globally, it is estimated that direct deaths attributed to AMR exceeded 1.2 million in 2019, and
without sufficient preventive measures, this number was expected to rise to almost 10 million deaths by 2050 (Salam et
al., 2023).

The rapid emergence of antimicrobial drug-resistant bacteria is a growing global concern (WHO, 2022). Methicillin-
resistant Staphylococcus aureus (MRSA) is a well-characterized strain that exhibits reduced susceptibility to p-lactam
antibiotics, including methicillin and related compounds, and has become a prevalent cause of community-acquired
infections (Ali et al., 2017). The MRSA is a significant source of serious infections in humans and animals, and it is a
major public health threat (Omoshaba et al., 2020). Staphylococcus-related infections, particularly MRSA,
predominantly affect immunocompromised individuals (Obanda et al., 2022). Acinetobacter baumannii (A. baumannii)
is a clinically important opportunistic pathogen frequently associated with hospital-acquired infections globally and
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notable for its multidrug resistance, posing a major health concern (Castillo-Ramirez et al., 2025). The World Health
Organization has ranked A. baumannii as the top-priority bacterial pathogen urgently requiring new antibiotics (WHO
Bacterial Priority Pathogens List, 2024).

Salvia officinalis (S. officinalis) is a perennial aromatic shrub classified within the Lamiaceae family (Ezema et al.,
2024). Although S. officinalis is native to the Mediterranean basin and regions of the Middle East, its cultivation has
expanded globally due to its medicinal and culinary significance (Ghorbani and Esmaeilizadeh, 2017). In traditional
medicine, S. officinalis has been utilized for treating a wide range of ailments, including neurological disorders such as
seizures and tremors, gastrointestinal conditions such as ulcers and diarrhea, metabolic disorders including
hyperglycemia, as well as inflammatory diseases such as gout and rheumatism (Ghorbani and Esmaeilizadeh, 2017).
Additionally, sage (S. officinalis) is recognized for its diverse pharmacological properties, such as sedative,
antimicrobial, antioxidant, antitumor, and antihypertensive effects (Ghorbani and Esmaeilizadeh, 2017). Sage has been
applied in the management of different conditions, including excessive sweating, cardiovascular diseases, chronic
bronchitis, asthma, renal dysfunction, liver cirrhosis, dysmenorrhea, insomnia, infantile colic, and dyspepsia (Ezema et
al., 2024).

Nanotechnology is significantly transforming modern pharmacognosy (Devi et al., 2026). Nanotechnology offers a
novel and promising approach to improve medicinal plant systems (Devi et al., 2026). Nanotechnology has transformed
herbal medicine by improving the bioavailability and effectiveness of phytocompounds (Kathole et al., 2025).
Advancements in plant-based medicine have demonstrated that herbal remedies hold significant potential for treating
currently incurable disorders (Tiwari et al., 2024). Among the most notable attributes of herbal medicines employing
nanotechnology-based delivery systems is the ability to transform compounds with limited solubility, poor absorption,
and instability into promising medicines (Dewi et al., 2022). Nanoparticles (NPs) are materials with dimensions ranging
from 1 to 100 nm and play a crucial role in biosensing technologies, particularly in enhancing signal transduction,
sensitivity, and specificity when used in electrode modifications (Esfandiari et al., 2025). Metal NPs such as gold and
silver are widely applied in medicine due to their antimicrobial, anticancer, and drug delivery capabilities, enabling
targeted therapy and improved therapeutic efficiency (Rahdari et al., 2023). Nanotechnology is changing medical
diagnostics, treatments, and disease prevention, using powerful, innovative tools (Patel et al., 2024). Ongoing
investigations and collaboration among many fields could lead to greater treatment outcomes, lower healthcare costs, and
new generations of customized and accurate medicines (Kazi et al., 2025). Thus, the present study aimed to evaluate the
antimicrobial activity of nano-encapsulated S. officinalis against MRSA and A. baumannii.

MATERIALS AND METHODS

Ethical approval

Ethical approval for the present study was obtained from Mount Kenya University, Kenya, with the approval
number 4180. All procedures were conducted in accordance with the ethical standards of the institutional biosafety and
laboratory guidelines.

Plants materials

Fresh leaves of S. officinalis were harvested during the dry season in Nyeri County, Kenya. The identification and
authentication of the plant material was carried out at the Jomo Kenyatta University of Agriculture and Technology
(JKUAT), Kenya, herbarium by a taxonomist and was assigned the voucher specimen number BC-
JKUATBH/001.28/07/2025.

Pre-extraction and extraction procedures

The leaves were thoroughly rinsed with running tap water and subsequently air-dried under shade at room
temperature (25C) for 21 days. The dried leaves were ground into a fine powder using an electric blender (Model:
IBL30U1, Itel, China) supplemented with a mortar and pestle to ensure uniform particle size. The powdered leaves were
stored in an air-tight, light-resistant container until extraction. For extraction, 50 g of powdered leaves was soaked in 1 L
of methanol in a conical flask and macerated with continuous shaking in a shaker incubator (GYROMAXTM 727,
United States) at 140 rpm and room temperature (25 C) for 72 hours. Following extraction, the mixture was sequentially
filtered through sieve cloth and Whatman Number 1 filter paper (Sterilin, Teddington, Middlesex, England) to remove
particulate matter. The filtrate was concentrated on a rotary evaporator (Labtech DAIHAN, VP30, EV11, South Korea)
at 65 C, 175 mbar reduced pressure, and 120 rpm. The resulting semi-solid extract was further dried in a hot-air oven at
37°C for 24 hours to a constant weight. The percentage yield of the crude extract was calculated and recorded as 10.17%,
using Formula 1. Finally, the dried extract was stored in sterile Falcon tubes at 4 C until further use.

. Weight the dried ext t
Percentage (%) yield = —Weghtof thedriedextract(9) 4, (Formula 1)
Initial weight of the dried plant material (g)
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Phytochemical screening

Qualitative phytochemical screening procedures for different classes of secondary metabolites of the crude extract
were conducted using established procedures employed by Yahaya et al. (2020), Noumi et al. (2023), and Rao et al.
(2023) to analyze terpenoids, flavonoids, saponins, alkaloids, tannins, and phenols.

Terpenoids

Approximately 0.5 g of the crude extract was dissolved in 2 mL of chloroform (Sisco Research Laboratories Pvt.
Ltd, India). Concentrated sulfuric acid (Loba Chemie Pvt. Ltd, India) was then carefully introduced along the wall of the
test tube to form a distinct lower layer. The reddish-brown appearance was interpreted as evidence of terpenoid
compounds.

Flavonoids

Approximately 0.5 g of the extract was reacted with small fragments of magnesium ribbon (FINAR Ltd, India),
followed by gradual addition of concentrated hydrochloric acid (Finar Ltd, India). After five minutes of incubation, the
appearance of a pink-to-magenta color indicated the presence of flavonoids.

Saponins

About 0.5 g of the extract was mixed with 2 mL of distilled water in a test tube and shaken vigorously. The
formation and persistence of froth for about 10 minutes was indicative of saponins.

Alkaloids

Approximately 0.5 g of the extract was dissolved in dilute HCI (Finar Ltd, India) and filtered to obtain a clear
solution. Wagner’s reagent (Sigma-Aldrich, Germany) was then added to the filtrate solution, and the formation of a
brownish or reddish precipitate confirmed the presence of alkaloids.

Tannins

About 0.5 g of the extract was heated with 10 mL of water and subsequently filtered. A few drops of 0.1% ferric
chloride solution (Sisco Research Laboratories Pvt. Ltd, India) were added to the filtrate, and the appearance of blue-
black or green-black color was interpreted as a positive result for tannins.

Phenols

About 3-4 drops of ferric chloride solution were added to 0.5 g of the extract. The appearance of a bluish-black color
indicated the presence of phenolic compounds.

Gas chromatography mass-spectrometry

The chemical composition of the crude extract was analyzed using gas chromatography-mass spectrometry (GC-
MS), following the procedure previously described by Konappa et al. (2020). The analysis was performed using a GC-
MS system (Shimadzu GCMS-QP2010 SE, Japan) equipped with a low polarity BPX5 capillary column
(30 m x 0.25 mm internal diameter, 0.25 um film thickness). High-purity helium gas (99.99%) served as the carrier gas
and was maintained at a constant flow rate of 1 mL/min. lonization was carried out using the electron impact (EI) mode
at 70 eV, with a scan interval of 0.2 seconds over a mass range of 40-600 m/z. A 1 pL sample volume was injected into
the system, with the injector temperature set to 250 C. The column oven temperature program was initiated at 50°C and
held for two minutes, then increased at 10°C/min to 200°C. The temperature was then raised to 280°C and maintained for
3 min to ensure complete elution of the compounds. Identification of the phytochemical components was accomplished
by comparing the obtained mass spectra and chromatographic parameters, including retention times and peak features,
with those of standard reference compounds available in the National Institute of Standards and Technology (NIST)
spectral database.

Nanoencapsulation of Salvia officinalis

Sage-chitosan NPs were synthesized using an ionic gelation technique, according to the method reported by Portia et
al. (2024). A 2% (w/v) chitosan was dissolved in 1% (v/v) aqueous acetic acid (Loba Chemie Pvt. Ltd, India) to obtain a
2% (wi/v) polymer solution. The pH of the solution was subsequently adjusted to 4.8 using 1 N sodium hydroxide to
optimize solubility. The resulting mixture was maintained under continuous magnetic stirring at 25°C for 24 hours for
complete dissolution and homogeneity of the polymeric solution. A 40 mL portion of the chitosan solution was then
mixed with Tween 80 (Griffchem, India) as a surfactant and stirred at 45°C for two hours to achieve a uniform solution.
Methanolic extract of S. officinalis was added gradually at different weights (0, 0.2, 0.4, 0.6, 0.8, and 1 g) and stirred at
45°C for 30 minutes. Subsequently, 0.5% (w/v) tripolyphosphate (Griffchem, India) was added dropwise to the mixture
under continuous stirring for 40 minutes to facilitate nanoparticle formation. The formed NPs were then recovered by
centrifugation (ThermoFisher, Germany) at 4000 rpm for 30 minutes at 25 C, then washed several times with distilled
water to remove unbound materials and excess reagent. To obtain a suspension, the NPs pellet was re-dispersed in 30 mL
of distilled water after purification. The dispersion was then subjected to probe sonication using a probe sonicator
(ThermoFisher, Germany) in an ice bath for four minutes at a pulsed cycle (2 seconds on, 1 second off) to enhance the
uniformity. The resulting suspension was subsequently lyophilized at -65°C for 72 hours. The freeze-dried samples were
collected in a sterile Falcon tube and stored at 4°C until further use.
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Characterization of nanoparticles

The physicochemical properties of NPs, including size, shape, surface morphology, and surface functional groups,
significantly influence their toxicity and biological activity (Samadian et al., 2020). Characterization of the NPs was
carried out according to the methods described by Alkhathlan et al. (2020) and Daoudi et al. (2024). The optimal
properties of the biosynthesized chitosan-sage NPs were evaluated using a UV-1800 UV-Visible spectrophotometer
(Shimadzu, Kyoto, Japan) at a wavelength range of 200-700 nm using quartz cuvettes. Fourier transform infrared
spectroscopy (FTIR) was conducted using the compact FTIR spectrometer ALPHA 11 (Bruker, Germany) over the
spectral range of 4000-400 cm™. The FTIR analysis was performed to identify the functional groups present and to
examine possible interactions between chitosan and the encapsulated phytocomponents. Surface morphology and
structural characteristics were examined using scanning electron microscopy (SEM; JEOL 0860 0000 ALS [257], Japan),
with a high accelerating voltage of 15 kV to obtain high-resolution images for detailed analysis.

Test organisms
The standard bacterial isolate of MRSA (ATCC 12493) and the clinical isolate of A. baumannii were obtained from
Kenyatta University Referral Hospital, Nairobi, Kenya.

Determination of antimicrobial activity of biosynthesized chitosan-sage nanoparticles

Agar well diffusion method

Antimicrobial activity was evaluated using an agar well diffusion method as described by Enan et al. (2021) and
Amou et al. (2025). Each Mueller-Hinton agar (MHA) plate (Oxoid Limited, United Kingdom) had six wells,
representing different concentrations of the test sample and a negative control. Each Petri dish received 20 mL of sterile
MHA, and evenly spaced wells (6 mm in diameter) were created around the margins using a sterilized cork borer. A
Bunsen burner flame was employed during the process to ensure sterility. The bacterial test cultures were grown
overnight in Mueller-Hinton broth and adjusted to a 0.5 McFarland standard using normal saline. A sterile cotton was
immersed in the inoculum, excess liquid was gently drained, and the cotton was used to evenly inoculate the agar
surface, which was then allowed to dry for 20 minutes. Aliquots (100 pL) of chitosan-sage NPs at concentrations of 500
pg/mL, 250 pg/mL, 125 pg/mL, 62.5 pg/mL, and 31.25 pg/mL were added into the wells. At the center of the plates,
vancomycin and meropenem antibiotic discs were placed as positive controls for MRSA and A. baumannii, respectively
(Saka et al., 2024). Each test was performed in triplicate and incubated at 37°C for 18-24 hours. Zones of inhibition were
measured using a ruler, and the three distinct readings from each plate were documented and analyzed to determine the
mean and standard deviation (SD).

Minimum inhibitory concentration

In three replicates, 100 pL of Mueller-Hinton broth was dispensed into 96-well plates (Sterilin, Teddington,
Middlesex, England), and 100 uL of each nano-formulated S. officinalis extract, the crude extract, and the positive
controls were added in different wells of the first column of plates and serially diluted across the plates to obtain
concentrations of 500, 250, 125, 62.5, and 31.25ug/mL. Then, 20 puL of the bacterial inoculum was added to all wells
except those in the last column, which contained only broth to check sterility. Chitosan (2% wi/v) and methanol were
included as negative controls, whilst vancomycin and meropenem were employed as reference antibiotics for MRSA and
A. baumannii, respectively. Following incubation at 37°C for 18 hours, 20 pL of resazurin indicator (Glentham Life
Sciences, United Kingdom) was added to each well, and the plates were further incubated at 37°C for two hours. The
minimum inhibitory concentration (MIC) was defined as the lowest concentration of the test sample that inhibited visible
bacterial growth, as evidenced by the persistence of the blue color of the resazurin indicator, similar to the negative
control.

Minimum bactericidal concentration

According to Mah (2014), the minimum bactericidal concentration (MBC) was the lowest concentration of an
antimicrobial agent required to reduce the initial bacterial population by 99.9% or higher, after 18 to 24 hours of
incubation at 37°C. After incubation at 37°C for 18 hours, test samples from wells containing concentrations exceeding
the MIC were aseptically streaked onto MHA plates (using a sterile wire loop) and evaluated. The samples with the
minimal concentration and no bacterial growth during incubation were indicated as MBC.

In silico analysis

Bioactive compounds of the methanolic extract of S. officinalis with antimicrobial potential, identified by GC-MS
analysis, were selected as ligands. Their 2D structures were retrieved from the PubChem database. Three-dimensional
structures of the target proteins, namely the crystal structure of penicillin-binding protein 2a (PBP2a) double clinical
mutant N146K-E150K from MRSA (ID: 4CPK) and the crystal structure of A. baumannii carbapenem-associated outer
membrane protein (CarO; ID: 4FUV), were retrieved from the Research Collaboratory for Structural Bioinformatics
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(RCSB) Protein Data Bank (PDB) in PDB format. The canonical SMILES representations of selected bioactive
compounds were obtained and used as input ligands for docking analysis. Both protein and ligand files were prepared
using appropriate preprocessing steps, including the removal of co-crystallized water molecules and conversion to
Protein Data Bank charge type (Pdbqt) format. The ligand structures were energy-minimized before docking. Molecular
docking simulations were conducted using AutoDock Vina (version 1.2.0) to predict the best binding pose and binding
affinities (Bugnon et al., 2024). The binding regions were defined by setting a grid box with dimensions of 20 x 20 x 20
A, centered on the active site using appropriate XYZ coordinates, and an exhaustiveness value of 4 was applied to
control the search efficiency. The resulting complexes were visualized using BIOVIA Discovery Studio 2025 client
software. Binding energies less than O indicated favorable interactions, with lower energy values suggesting stronger
binding affinity (Khan and Lee, 2022).

Statistical analysis
All experiments were conducted in triplicate, and the present results were expressed as mean + standard deviation
(SD). Statistical and FTIR data analyses were performed using Origin Pro Lab 2026 (Student Version) software.

RESULTS

Phytochemical screening

The qualitative phytochemical analysis of the methanolic crude extract of S. officinalis indicated a high abundance
of phenols, tannins, alkaloids, and saponins, while flavonoids and terpenoids were detected in moderate amounts (Table
1).

Gas chromatography-mass spectrometry

The mass spectrometer identified the nature and structural properties of chemical compounds by analyzing eluted
samples at distinct time points. Peaks corresponding to the retention times of the compounds were observed in the
chromatogram (Figure 1). The GC-MS of the methanolic crude extract of S. officinalis revealed compounds belonging to
hydrocarbons, ketones, esters, cyclic compounds, and fatty acids classes, expressed as percentage area (Area%; Table 2).

Table 1. Qualitative phytochemical screening of Salvia officinalis crude extracts

Secondary metabolites Methanolic crude extract of Salvia officinalis
Phenols F+
Flavonoids ++
Tannins +++
Alkaloids +++
Terpenoids ++
Saponins +++

+++: Abundantly present, ++: Moderately present

intensity TIC
250000 253,145

200000 |
150000 |
100000 |

50000 { -

=

1 g, gt gt
0

3.0 10.0 20.0 30.0
min

Figure 1. Gas chromatography-mass spectrometry of methanolic crude extract of Salvia officinalis
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Table 2. Gas chromatography-mass spectroscopy analysis of methanolic crude extract of Salvia officinalis

Peaks Retention Area Compounds names Molecular weight ~ Molecular
time (%) (g/mol) formula
1 2.839 4.87 2,2-Dimethoxybutane 118 CgH140,
2 6.595 4,71 Eucalyptol 154 CyoH1g0
3 7.558 7.93 Bicyclo[3.1.0]hexan-3-one,4-methyl-1-(1-methylethyl) 152 CioH160
4 7.692 3.32 Thujone 152 C1oH160
5 8.116 16.56 Camphor 152 CioH160
6 10.913 9.28 Caryophyllene 204 CisHo
7 11.263 7.66 1,4,7,-Cycloundecatriene, 1,5,9,9-tetramethyl-, Z,Z,Z- 204 CisHo
8 12503 12.76 H-Cycloprop[e]azulene, decahydro-1,1,7-trimethyl-4- 204 CisHos
methylene
9 14.535 3.87 Neophytadiene 278 CyoHzs
10 14.808 0.81 Phytol, acetate 338 CyyH.00,
11 15.028 2.28 3,7,11,15-Tetramethyl-2-hexadecen-1-ol 296 CyoH400
Naphthalene, decahydro-1,1,4a-trimethyl-6-methylene-5-
12 17.730 18.36 (3-methyl-2,4-pentadienyl)-,[4aS- 272 CyoHa3,
(4a.alpha.,5.alpha.,8a.beta.)]-
13 18.010 1.82 3,7,11,15-Tetramethyl-2-hexadecen-1-ol 296 CxoH400
14 18.146 1.04 Humulane-1,6-dien-3-ol 222 CisH260
15 20.598 475 4,5,6,7-Tetrahydroxy-1,8,8,9-tetramethyl-8,9- 342 CuoH1eO%

dihydrophenaleno[1,2-b]furan-3-one

Characterization of nanoparticles

Figure 2 exhibited the UV-visible absorption profile of S. officinalis chitosan NPs. A distinct absorption band
centered at approximately 290 nm was observed in the spectrum, indicating the formation of the NPs. The FTIR analysis
was employed to examine the chemical characteristics of the samples over a wavenumber range of 400-4000 cm™,
enabling the identification of functional groups and assessment of potential interactions within the formulation. The
absorption bands observed for chitosan-sage NPs and the crude extract are presented in Figure 3 and Table 3. Prominent
peaks were detected at 3421 cm™ in the NPs and at 3435 cm™ in the crude extract, both representing strong broad O—H
and NH: stretching, denoting hydroxyl and amide groups. Additionally, a medium broad peak at 1651 cm™ was
attributed to C=0 (carbonyl) stretching (amide I group), and a weak broad peak at 1564 cm™ corresponded to N-H
stretching (amide 11 group). The band observed at 1412 cm™ was associated with C-H bending vibrations of alkyl groups,
and the distinct peak at 1257 cm™ might have been attributed to C-N stretching vibrations corresponding to the amide 111
group. The prominent peak at 1125 cm™ was indicative of P=O stretching vibrations, suggesting the presence of
phosphate, while the absorption at 1024 cm™ was assigned to C-O stretching vibrations of alcoholic groups. In the lower-
wavenumber region, the band at 746 cm-1 might be related to C-ClI stretching in halogenated compounds, whereas the
peak at 483 cm-1 was attributed to metal-oxygen (M-O) vibrations, indicating the presence of inorganic components.

The morphological features of the synthesized NPs were examined using SEM. The micrographs of the synthesized
S. officinalis chitosan NPs demonstrated predominantly spherical particles with a relatively uniform distribution (Figure
4). Further analysis using ImageJ revealed that most of the NPs were in the 40-80 nm size range.

3.0 100 T
i N Sage Extract
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1660% \'1417 753
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Wavelength (nm) Figure 3. Fourier transform infrared spectra of biosynthesized
Figure 2. UV-Visible spectrum of biosynthesized chitosan-sage chitosan-sage nanoparticles and sage crude extract
nanoparticles
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Table 3. Fourier transform infrared spectra of the functional group in chitosan-sage nanoparticles

Peak (cm™) Functional group

3421 O-H and NH, stretching / Hydroxyl and amide groups
1651 C=0 Stretching / Amide | group

1564 N-H bending / Amide 11 group

1412 C-H bending / Alkyl group

1257 C-N stretching / Amide I11 group

1125 P=0 stretching / Phosphate group

1024 C-O stretching / Alcoholic group

746 C-Cl stretching / Halo compound

483 M-O stretching / Metal-oxygen (Inorganic)

s ¢ e W
SED 15.0kV WD 19.5 mm Std.-PC HighVac. [€1x100
STD 2905 Nov. 11 2025

Figure 4. Scanning electron microscopy micrograph of biosynthesized chitosan-sage nanoparticle at 100x magnification

Antimicrobial activity of biosynthesized chitosan-sage nanoparticles

The antimicrobial potential of the biosynthesized S. officinalis chitosan NPs was evaluated using the agar well
diffusion method (Table 4). The nano formulation demonstrated inhibitory effects against MRSA and A. baumannii
across the tested concentrations, with greater inhibition observed at 500 pg/mL. At this concentration (500 pg/mL), clear
zones of inhibition were recorded against MRSA and A. baumannii, indicating effective suppression of bacterial growth.

Minimum inhibitory concentration

The lowest concentrations required to prevent visible microbial growth were identified through MIC determination
of chitosan-sage NPs. The NPs exhibited inhibitory activity at 62.5 pg/mL against MRSA and at 125 pg/mL against A.
baumannii. In comparison, the MIC values for the crude extract were 250 and 500 pg/mL against MRSA and A.
baumannii, respectively. Additionally, the positive controls had MICs of 25 pg/mL for vancomycin and 50 pg/mL for
meropenem (Table 5).

Minimum bactericidal concentration
Chitosan-sage NPs inhibited the physical growth of MRSA at 125 pug/mL and A. baumannii at 500 pg/mL. The
MBC:s for the positive controls were 50 pg/mL for vancomycin and 100 pg/mL for meropenem (Table 6).

Table 4. Inhibition zones of chitosan-sage nanoparticles against methicillin-resistant Staphylococcus aureus and
Acinetobacter baumannii following CLSI protocols

Salvia officinalis nanoparticles (ng/mL) Positive control I\(I;((a)?]?f'lovle
Bacterial organisms _
500 250 125 625 3125 Vancomycin / Methanol_/
meropenem normal saline
MRSA 21+05 15+1.0 12+05 10x05 0 17+15 0
Acinetobacter baumannii 17+15 13+05 11+1.0 9+1.0 0 10+15 0

CLSI: Clinical and laboratory standards institute, MRSA: Methicillin-resistant Staphylococcus aureus, NPs: Nanoparticles
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Table 5. Minimum inhibitory concentration of biosynthesized chitosan-sage nanoparticles

Salvia officinalis Crude Standards Negative controls (ng/mL)
Bacterial organisms nanoparticles extract antibiotics )
(ng/mL) (ng/mL) (ng/mL) Methanol Chitosan
MRSA ATCC 12493 62.5 250 Vancgg”yc'” Growth Growth
Acinetobacter baumannii 125 500 MeroS%enem Growth Growth

MRSA: Methicillin-resistant Staphylococcus aureus

Table 6. Minimum bactericidal concentration of biosynthesized chitosan-sage nanoparticles

Bacterial organisms Salvia officinalis nanoparticles (ng/mL) Standards antibiotics (ng/mL)

MRSA 125 Vancomycin
50
Acinetobacter Meropenem

baumannii 500 100

MRSA: Methicillin-resistant Staphylococcus aureus

Molecular docking

The GC-MS analysis of the methanolic crude extract of S. officinalis identified a total of 15 bioactive compounds
(Table 2). The phytochemical compounds were subsequently evaluated for their potential activity against MRSA and A.
baumannii as demonstrated in Table 7. Molecular docking simulations were performed using AutoDock Vina (version
1.2.0) to assess their binding affinities toward the target proteins. Caryophyllene exhibited the strongest binding affinity
with values of -6.7 kcal/mol for PBP2a and -6.3 kcal/mol for CarO. The interactions with both targets were mostly
hydrophobic. The decahydro-naphthalene derivative exhibited a binding affinity of -6.6 kcal/mol for PBP2a and -6.3
kcal/mol for CarO, closely following caryophyllene. The interactions with PBP2a involved hydrogen bonding,
hydrophobic contacts, and ionic interactions, whereas those with CarO involved hydrogen and hydrophobic bondings.
Thujone demonstrated similar binding affinities, with scores of -5.7 kcal/mol for PBP2a and -5.8 kcal/mol for CarO.
Thujone's interactions with both targets included hydrogen bonding and hydrophobic interactions. Camphor exhibited
binding affinities of -5.7 kcal/mol for PBP2a (via hydrogen bonds and hydrophobic interactions) and -5.5 kcal/mol for
CarO (through hydrophobic interactions). Eucalyptol exhibited a binding affinity of -5.6 kcal/mol for PBP2a, including
hydrogen bonding and hydrophobic interactions, and a relatively lesser affinity of -4.9 kcal/mol for CarO via hydrogen
bonding. Neophytadiene had moderate affinities of -5.6 kcal/mol for PBP2a and -5.0 kcal/mol for CarO.

Table 7. Molecular docking of phytocompounds against methicillin-resistant Staphylococcus and Acinetobacter
baumannii

Binding affinity (Kcal/mol) Interactions

Phytocompounds PBP2a (4CPK) CarO (4FUV) A.  PBP2a (4CPK) CarO (4FUV) A.
MRSA baumannii MRSA baumannii

H-bond,

Eucalyptol -5.6 -4.9 Hydrophobic H-bond

. H-bond, H-bond,

Thujone o7 8 Hydrophobic Hydrophobic
H-bonds, .

Camphor -5.7 -55 Hydrophobic Hydrophobic

Caryophyllene -6.7 -6.3 Hydrophobic Hydrophobic

Neophytadiene -5.6 -5.0 Hydrophobic Hydrophobic

Naphtha!ene, decahydro- H-bond,

1,1,4a-trimethyl-6- 66 63 Hvdrophobic. and H-bond,

methylene-5-(3-methyl- ' ' yarop ! Hydrophobic

. ionic interactions
2,4-pentadienyl)

PBP2a: Penicillin binding protein 2a, CarO: Carbapenem-associated outer membrane protein, MRSA: Methicillin-resistant Staphylococcus aureus, A.
baumannii: Acinetobacter baumannii
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Figure 5. The 2D diagrams and 3D interaction profiles illustrating ligand binding for six compounds within the binding site of PBP2a.
A: Interaction distances, A: Eucalyptol, B: Thujone, C: Camphor, D: Caryophyllene, E: Neophytadiene, F: Naphthalene.
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Figure 6. The 2D diagrams and 3D interaction profiles illustrating ligand binding for six compounds within the binding site of CarO.
A: Interaction distances, A: Eucalyptol, B: Thujone, C: Camphor, D: Caryophyllene, E: Neophytadiene, F: Naphthalene.

DISCUSSION

The qualitative phytochemical screening of S. officinalis crude methanolic extract revealed the presence of bioactive
secondary metabolites, including phenols, flavonoids, tannins, alkaloids, terpenoids, and saponins. Such secondary
metabolites are responsible for the medicinal activity of plants (Kumari et al., 2017). The presence of these metabolites
may explain the observed antimicrobial activity and support the plant's traditional (folkloric) use in managing different
diseases (Kanarek et al., 2025). This finding aligned with those of Khadse (2019) and Patel et al. (2024), who reported
similar phytochemical profiles in S. officinalis leaf extract. The high concentration of these compounds’ likely accounts
for their potent antimicrobial activity, which was consistent with the findings of Amal and Wael (2016), who
demonstrated that the biologically active polyphenolic components in S. officinalis extracts exhibit significant
antimicrobial activity.

The GC-MS analysis of the S. officinalis methanolic extract revealed 15 peaks, representing the presence of 15
different compounds. The most abundant components included naphthalene (peak 12, 18.36%), camphor, thujone,
eucalyptol, and neophytadiene. Previous studies have reported the antimicrobial properties of these compounds (Selim et
al., 2022; He et al., 2026), further supporting the antimicrobial potential of S. officinalis. The existence of bioactive
compounds supported the traditional medicinal applications of S. officinalis (Anjali et al., 2024).

The UV-visible spectroscopy was employed as a preliminary technique to confirm the NPs formation. The
biosynthesized chitosan-sage NPs were analyzed across a wavelength range of 200-700 nm. A maximum absorbance
peak was observed at 290 nm, which was consistent with previous reports on plant-mediated nano-formulations, where
absorption bands in the range of 270-320 nm were typically attributed to phenolic-rich extracts and their involvement in
NPs interaction or stabilization (Kolahalam et al., 2019; Jamzad and Kamari Bidkorpeh, 2020). These findings were
similar to those of EI-Naggar et al. (2022), who reported an absorbance peak at 295 nm, while EI-Naggar et al. (2024)
observed a peak at 285 nm for the chitosan standard. Furthermore, Dutta et al. (2023) reported an absorbance band for
chitosan NPs at 330.25 nm.
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FTIR analysis characterized the functional groups present in the biosynthesized chitosan NPs derived from S.
officinalis leaf extracts. The FTIR technique provided insight into the interactions between chitosan and phytochemicals
within the extract. Typical functional groups in chitosan NPs include amide (-NH.), hydroxyl (-OH), and C-H, C-N, C—
0, and P=0 bonds (Boruah and Dutta, 2021). The broad absorption band observed between 3000 and 3500 cm™,
corresponding to (-OH) and (-NH,) groups, was considered a key indicator of the chitosan NPs formation (Parida et al.,
2013). The present study recorded a peak at 3421 cm', aligning with the findings of Krishnaveni and Ragunathan
(2015), who observed a band at 3437 cm ™' in a chitosan standard sample attributed to strong dimeric O—H stretching.
Similarly, Choudhary et al. (2017) reported a peak at 3424 cm ™" associated with a combined amide (-NH,) and hydroxyl
(-OH) groups. The peak at 1651 cm ™' was attributed to C=0 stretching vibrations of the amide carbonyl group (Zhang et
al., 2017). The band observed at 1564 cm™ indicated the presence of a primary amine group, associated with the N-H
bending vibration. Although Sathiyabama et al. (2024) reported a C-H stretching peak at 2927 cm' as a chitosan
structure indicator, the present study identified C—H bonds in chitosan-sage NPs at 1412 cm™'. The peak at 1125 cm™,
corresponding to P=0O stretching, confirmed ionic cross-linking between tripolyphosphate and chitosan, which was
essential for nanoparticle formation (Lopez-Leodn et al., 2005). Similarly, Boruah and Dutta (2021) reported the same
functional groups at closely matching wavenumbers. The C-O stretching vibration of the glycosidic linkage appeared at
1024 cm™ in the present study, which was close to the peak at 1029 cm™ reported by Sathiyabama et al. (2024).
Additionally, minor peaks at 746 cm™' and 483 cm™' corresponded to lower frequency skeletal bending of the chitosan
backbone (Zhang et al., 2017).

The SEM analysis revealed that the biosynthesized S. officinalis chitosan NPs were relatively homogeneous, with
particle size well-dispersed and spherical in shape. These findings were consistent with those of Sharma et al. (2013),
who reported that chitosan NPs typically exhibit spherical morphology with smooth surfaces. In the present study,
particle sizes ranged from 40 to 80 nm, which was comparable to the range of sizes of 33.64 and 74.87 nm reported by
Khanmohammadi et al. (2015) using field emission SEM.

The antimicrobial evaluation of the biosynthesized chitosan-sage NPs demonstrated susceptibility in MRSA (Gram-
positive) and A. baumannii (Gram-negative), with MRSA exhibiting greater sensitivity than the crude extract of S.
officinalis. A study conducted by Randhawa et al. (2018) on the methanolic crude extract of S. officinalis against the
standard reference strains of MRSA and A. baumannii revealed the sensitivity of these organisms. Previous studies
revealed the antimicrobial efficacy of the crude extract of S. officinalis; however, these studies utilized non-encapsulated
extracts, which could be constrained by poor stability, rapid degradation, and the reduced bioavailability of active
compounds (Rudhani, 2018; Mendes et al., 2020; Al-Qaysi and Al-Tulaibawi, 2022). In contrast, the present study
employed a chitosan-based nano-formulation, which offered several advantages, including enhanced stability, improved
solubility, and controlled release of phytocomponents. Furthermore, nanoscale delivery systems can facilitate the
interaction with microbial cell membranes, potentially increasing antimicrobial efficacy (Chandrasekaran et al., 2020).
Therefore, the nano-encapsulation approach may offer improved antimicrobial efficacy compared to the conventional
crude extract applications, suggesting its potential as a promising strategy for enhancing phytochemical delivery and
antibacterial activity. Karagozli and Ozeser (2024) reported that silver NPs synthesized from S. officinalis indicated
inhibition zones measuring 10.5, 10, 9, and 7 mm against Escherichia coli, Pseudomonas aeruginosa, S. aureus, and
Bacillus subtilis, respectively. The biosynthesized chitosan-sage NPs demonstrated maximum antimicrobial activity at
500 pg/mL, with inhibition zones reaching 21 mm for MRSA and 17 mm for A. baumannii. Furthermore, the MIC of
chitosan-sage NPs against MRSA and A. baumannii was 62.5 pg/mL and 125 pg/mL, respectively, while the MBC was
125 pg/mL for MRSA and 500 pg/mL for A. baumannii. Lower MIC and MBC values indicated greater susceptibility of
the microorganism to the tested antimicrobial agent (Balouiri et al., 2016). Therefore, MRSA was more susceptible to
chitosan-sage NPs compared to A. baumannii. The reduced susceptibility observed in A. baumannii relative to MRSA
might be due to the presence of an outer membrane in Gram-negative bacteria, a barrier that limited the entry of
antimicrobial agents (Lazar et al., 2023). Nonetheless, the activity observed against A. baumannii and MRSA suggested
a broad-spectrum effect of the nano-formulation. The absence of antimicrobial activity in the negative controls
confirmed that the antibacterial activity was attributable to the formulated NPs rather than the solvent system. Nano-
chitosan exhibited greater efficacy than its bulk chitosan due to its unique physico-chemical characteristics, which
facilitated penetration through cell walls and membranes (Naskar et al., 2019). Chitosan NPs have been widely
recognized for broad-spectrum antimicrobial properties (Ke et al., 2021; Dutta et al., 2023; Dou et al., 2024).

The increasing global threat of multidrug-resistant bacteria, particularly MRSA and carbapenem-resistant A.
baumannii, underscored the urgent need for novel antimicrobial strategies (Kar et al., 2023; Mohamed et al., 2025).
Molecular docking served as a computational approach for the preliminary screening and identification of potential key
compounds from different sources, including natural phytocompounds, by predicting their binding affinities and
interaction mechanisms with specific bacterial targets (Kar et al., 2021; Tabassum et al., 2023; Shalini et al., 2024).
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Molecular docking enables the systematic development of novel therapies, particularly targeting notable resistance
factors, such as PBP2a in MRSA porin and CarO in A. baumannii (Rosado et al., 2025; Swain and Pan, 2025). The
PBP2a is a major target for the development of new anti-MRSA treatment agents, including allosteric modification and
direct inhibition (Sanapalli et al., 2025). Acinetobacter baumannii presented a notable challenge owing to its extensive
drug resistance and biofilm-forming capacity, and porins such as CarO further reinforce its resistance profile (Tram et
al., 2021; Lokhande et al., 2023). The current study examined the molecular docking of certain phytocompounds,
including eucalyptol, thujone, camphor, caryophyllene, neophytadiene, and a derivative of decahydro-naphthalene
against PBP2a of MRSA and CarO of A. baumannii, to evaluate their potential as antimicrobial agents. The binding
affinities observed at -4.9 to -6.7 kcal/mol indicated moderate to strong interactions, suggesting that these compounds
may contribute to antibacterial activity by targeting essential bacterial proteins. Notably, compounds such as
caryophyllene and the naphthalene derivative exhibited relatively higher binding affinities, suggesting a strong potential
to disrupt protein function. Previous studies have highlighted caryophyllene's role in preventing biofilm formation in S.
aureus and its presence in plant essential oils with antibacterial properties (Setiawansyah and Gemantari, 2022; Sharma
et al., 2025). Additionally, camphor, thujone, eucalyptol, and neophytadiene exhibited moderate binding affinities
closely following that of caryophyllene and the naphthalene derivative (Juzer et al., 2022; Vinutha et al., 2025).
Neophytadiene has been identified from different plant extracts and studied for its inhibitory effects on biofilm formation
in S. aureus (Maheswari and Kalaiselvi, 2024; Pouline et al., 2024). The slightly lowered affinity of eucalyptol and
neophytadiene for CarO could be related to the fewer polar interactions, emphasizing the need for specific interaction
types to achieve effective binding (Noumi et al., 2023; Khatoon et al., 2024).

The PBP2a is a critical enzyme responsible for B-lactam resistance in MRSA, and its inhibition can disrupt
peptidoglycan crosslinking, ultimately compromising bacterial cell wall integrity (Shidiki and Vyas, 2022). The
observed interactions, including hydrogen bonding and hydrophobic interactions, were consistent with previous studies
demonstrating that stable ligand-protein interactions enhanced the inhibitory effect by improving binding stability in the
active or allosteric sites (Verma et al., 2022). Similarly, interactions with the CarO protein, which was involved in
membrane permeability in A. baumannii, suggested that eucalyptol, thujone, camphor, caryophyllene, neophytadiene,
and naphthalene derivatives may interfere with nutrient transport or membrane-associated processes, thereby
contributing to antibacterial effects.

The predominance of hydrophobic interactions observed for most of the compounds, particularly terpenoids, such as
caryophyllene and neophytadiene, could be related to their nonpolar nature, which improved binding within the
hydrophobic regions of target proteins. Moreover, the presence of hydrogen bonding in some compounds, including
eucalyptol and thujone, may further stabilize ligand-protein complexes, enhancing biological activity. Importantly, the
binding energies observed in the present study fell within the range reported for other bioactive phytochemicals with
proven antimicrobial activity, supporting their possible role as key compounds (Degfie et al., 2022).

CONCLUSION

In the present study, chitosan NPs were biosynthesized using S. officinalis leaf extracts as part of a nanomedicine
approach to address the growing challenge of AMR. The prepared NPs exhibited notable antimicrobial activity against
multidrug-resistant MRSA and A. baumannii strains. The improved performance observed for the chitosan-based nano-
formulation, compared to the crude extract, might be attributed to enhanced surface reactivity, improved dispersion, and
more efficient interaction with microbial cells. The present findings indicated that such nanoscale systems could serve as
viable candidates for antimicrobial applications. However, the present study was limited by the absence of absorption,
distribution, metabolism, excretion, and toxicity (ADMET) analysis, in vivo evaluation, and cytotoxicity assessment, as
well as the lack of detailed investigation into the long-term stability of the NPs under physiological conditions.
Therefore, further studies are required to establish the safety, therapeutic efficacy, and stability of chitosan-sage NPs
before potential clinical application.
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