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A B S T R A C T

Antimicrobial resistance represents a critical global health challenge, necessitating innovative 
strategies to combat resistant pathogens. In this study, silver nanoparticles (AgNPs) were syn
thesized using honey as a bioreductant and coated with oligochitosan derived from the depoly
merization of low-molecular-weight chitosan. The synthesis employed eco-friendly methods, with 
characterization performed via UV–Vis spectroscopy, FTIR, TEM, EDX, XRD, and LC–HRMS. 
AgNPs synthesized with Ceiba pentandra honey exhibited an average particle size of 11.71 nm, 
demonstrating high antibacterial activity when coated with oligochitosan. The 10 % AgNPs- 
Chitosan-based hand gel sanitizer formulation achieved inhibition zones of 14.84 ± 0.40 mm 
against Staphylococcus aureus and 11.16 ± 0.73 mm against Pseudomonas aeruginosa. The hand gel 
sanitizer formulation exhibited stable pH (4.0–4.3), high resistance to syneresis at 5 ◦C and 40 ◦C, 
and superior antibacterial efficacy compared to alcohol-based hand gel sanitizers. Dermatological 
assessments confirmed the formulation’s safety, and Artemia salina toxicity tests revealed the 
highest LC50 value (2,648.97 ppm) for AgNPs derived from C. pentandra honey. This work pro
vides an eco-friendly, efficient method for AgNP synthesis with strong potential for biomedical 
and environmental applications, including their use in hand gel sanitizers to reduce pathogen 
transmission in various settings, contributing to the advancement of green nanotechnology.

1. Introduction

Antimicrobial resistance (AMR) refers to the capacity of microorganisms, such as bacteria and viruses, to resist the effects of drugs 
designed to eliminate or inhibit them, rendering treatments ineffective [1]. This global health threat poses significant challenges, 
particularly as AMR-related infections are projected to cause up to 10 million deaths annually by 2050 if left unchecked [2]. Overuse 
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and misuse of antibiotics are the primary drivers of this phenomenon, accelerating genetic mutations in microorganisms that enable 
resistance [3,4]. Consequently, there is a pressing need to develop alternative strategies to combat resistant pathogens and mitigate the 
risks posed by AMR.

Metal nanoparticles, particularly AgNPs, have emerged as promising candidates in combating pathogenic bacteria [5]. AgNPs are 
highly effective due to their small size (less than 100 nm), which increases their surface area-to-volume ratio and enhances their 
antimicrobial activity [6,7]. These nanoparticles disrupt bacterial membranes, penetrate cells, and induce toxicity through oxidative 
stress and DNA damage [8–10]. Moreover, AgNPs demonstrate significant antibiofilm activity, providing an edge over conventional 
antibiotics [11–13]. The ability to harness AgNPs as antimicrobial agents underscores the importance of sustainable synthesis methods 
that optimize their properties while minimizing environmental and health risks.

AgNPs can be synthesized through physical, chemical, or biological methods, with biological synthesis gaining attention for its eco- 
friendly approach [14–18]. Honey, a natural bioreductor, is particularly advantageous for AgNP synthesis due to its ability to produce 
uniformly small nanoparticles with enhanced antibacterial properties [19–21]. Additionally, chitosan, a biodegradable biopolymer, 
has been widely studied as a capping and stabilizing agent for AgNPs [22]. Chitosan not only prevents nanoparticle agglomeration but 
also enhances antimicrobial activity through controlled silver ion release and its intrinsic antibacterial properties [23–26]. The Zeta 
potential analysis showed that the AgNPs-chitosan exhibited a higher stability with a ZP value of − 28.08, compared to the uncoated 
AgNPs, which showed a ZP value of − 24.51. This indicates that the chitosan coating significantly improves the colloidal stability and 
reduces agglomeration, as higher negative Zeta potential values are associated with better stability and less particle aggregation [27]. 
Despite the promising potential of honey and chitosan, the variability in honey’s chemical composition, influenced by factors like plant 
origin and location [28,29], necessitates further exploration to optimize their combined use in AgNP synthesis.

Hand gel sanitizers represent a practical application for AgNPs, particularly as antibacterial agents in non-alcoholic formulations 
[30]. Traditional alcohol-based sanitizers, while effective, can cause skin irritation with frequent use [31]. Chitosan-coated AgNPs 
(AgNPs-Chitosan), derived from honey-based synthesis, offer a safer alternative with strong antimicrobial efficacy and minimal skin 
damage [20,32,33]. Gel-based hand gel sanitizers, in particular, benefit from the incorporation of AgNPs due to their prolonged 
retention on the skin and enhanced antibacterial activity [34,35]. By leveraging the synergistic effects of honey and chitosan, it is 
possible to develop sustainable, non-alcoholic hand gel sanitizers with high efficacy against both Gram-positive and Gram-negative 
bacteria.

This study aims to synthesize AgNPs using honey-based reducing agents and subsequently coat them with oligochitosan derived 
from the depolymerization of low molecular weight (LMW) chitosan. The AgNPs-Chitosan composite is developed as a non-alcoholic 
hand gel sanitizer formulation. Several key characterizations of the synthesized AgNPs were performed. UV–Visible spectroscopy was 
employed to observe the absorption peak and surface plasmon resonance of the AgNPs, as well as their interaction with oligochitosan. 
Fourier-transform infrared spectroscopy was used to analyze the surface characteristics and functional groups involved in the 
reduction of silver ions, alongside the interaction between chitosan and AgNPs. Transmission electron microscopy was utilized to 
examine particle size and morphology, while energy-dispersive X-ray spectroscopy was applied to determine the elemental compo
sition. X-ray diffraction was used to identify the crystalline structure of the nanoparticles. Additionally, LC–HRMS was employed to 
analyze the chemical composition of the best honey used as the AgNPs bioreductor. Antibacterial activity, pH testing, syneresis testing, 
toxicity and primary irritation testing were conducted to assess the efficacy and safety of the hand gel sanitizer formulation. This 
research seeks to address the growing demand for sustainable and effective antimicrobial solutions, while contributing to the fight 
against antimicrobial resistance (AMR) through innovative applications of AgNPs coated with oligochitosan.

2. Material and methods

2.1. Materials and instrumentation

The chemicals used in this research were silver nitrate (AgNO3, EMSURE 99 %), low-molecular-weight (LMW) chitosan (deace
tylation degree 75 %–85 %; 50–190 kDa; SIGMA-ALDRICH), glacial acetic acid (CH3COOH; 99 % EMSURE), hydrogen peroxide (H2O2, 
30 % SMART-LAB), carbomer 940, methylparaben (C8H8O3), infusion solution (NaCl, 0.9 %), nutrient agar (NA), barium chloride, 
glucose (anhydrous, Merck), fructose (powder, Merck), anthrone reagent and sulphuric acid (98 % EMSURE). The test bacteria 
(Staphylococcus aureus ATCC 25,922 and Pseudomonas aeruginosa ATCC 9027) were obtained from the bacterial culture, Central 
Laboratory of Life Sciences, Brawijaya University. Additionally, this study utilized various bioreductors, specifically cottonwood 
(Ceiba pentandra) honey, rambutan (Nephelium lappaceum) honey, rubber (Hevea brasiliensis) honey, and coffee (Coffea spp.) honey, all 
sourced from Tawon Rimba Raya Farm in Malang, East Java, Indonesia. The instruments used were UV–Vis (Shimadzu 1601 Series), 
FTIR (Shimadzu 8400s), EDX (Hitachi FLEXEM 1000), XRD (PANalytical X’Pert PRO), The Ultra Performance Liquid Chromatography 
(UPLC) LC− MS/MS system (Waters, USA) and TEM (Jeol type JEM 1400).

2.2. Synthesis of AgNPs

AgNPs were synthesized by combining 3 % honey with 0.1 M AgNO3 in equal volumes, mixed thoroughly using a magnetic stirrer 
for 10 min at room temperature (26 ◦C–30 ◦C). Following homogenization, the solution was exposed to sunlight (88,400–137,600 lux 
at 26 ◦C–34 ◦C) for 10 min, resulting in the formation of AgNPs, indicated by a color change from colorless to brown. This process was 
repeated for each type of honey tested.
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2.3. Depolymerization and deacetylation of lmw chitosan

Oligochitosan was synthesized by dissolving 0.4 g of LMW chitosan in 20 mL of 1 % acetic acid and stirring at 250 rpm for 2 h. Once 
fully dissolved, chitosan was depolymerized by the addition of 20 mL of 10 % H₂O₂ and stirred for an additional 2 h using a magnetic 
stirrer. The resulting solution was then neutralized to pH 7 using a 10 % NaOH solution (pH 13). After neutralization, the solution was 
filtered through filter paper, and the filtrate was collected as water-soluble chitosan (oligochitosan).

2.4. Oligochitosan coating on AgNPs

The modification of AgNPs with chitosan coating (AgNPs-Chitosan) can be achieved by mixing AgNPs with oligochitosan in a 1:1 
(v/v) ratio, followed by stirring with a magnetic stirrer at 250 rpm for 2 h at room temperature. The AgNPs were added dropwise to the 
oligochitosan solution while stirring, until a color change was observed, from yellowish to a cloudy white appearance.

2.5. Characterization

2.5.1. UV–Vis spectroscopy
UV–Vis spectroscopy was employed to analyze the formation of AgNPs synthesized using honey as a biological reductant. The 

analysis was carried out using a UV–Vis spectrophotometer, with measurements taken over the range of 200 to 800 nm. The treated 
AgNP samples were placed in a 1 cm quartz cuvette, and absorbance was recorded at the λmax corresponding to AgNPs, typically 
between 400 and 450 nm. Absorbance peaks within this region are indicative of surface plasmon resonance, confirming the successful 
formation of AgNPs.

Additionally, UV–Vis spectroscopy was applied to analyze oligochitosan and AgNPs-Chitosan composites. For the AgNPs-Chitosan 
complex, the introduction of oligochitosan to the AgNPs resulted in a shift and modification of the absorbance peak around 400–450 
nm, reflecting the interaction between the AgNPs and oligochitosan. This shift provides evidence of the formation of a stable AgNPs- 
chitosan composite, suggesting successful incorporation of chitosan into the AgNP matrix.

The carbohydrate content (reducing sugars) was analyzed using the anthrone method by measuring the color change of the sample 
solution after reacting with anthrone reagent. A standard glucose solution with concentrations ranging from 0 to 100 ppm was pre
pared to generate a calibration curve through absorbance measurements using a UV–Vis spectrophotometer. The anthrone reagent was 
prepared by dissolving 0.1 g of anthrone in 100 mL of concentrated H₂SO₄. Honey samples were diluted, reacted with the anthrone 
reagent, and heated at 80 ◦C for 20 min until a blue-green color developed. The absorbance of the solution was measured, and the 
reducing sugar content was determined using the linear equation derived from the standard glucose and fructose calibration curve.

2.5.2. Fourier transform infrared (FTIR)
FTIR spectroscopy was employed to investigate the chemical composition and molecular interactions in honey, AgNPs, oligochi

tosan, and AgNPs-Chitosan composites. FTIR analysis of honey was performed directly without the need for freeze-drying, as honey 
can be analyzed in its liquid form without additional preparation. In contrast, AgNPs, oligochitosan, and AgNPs-Chitosan samples were 
freeze-dried prior to analysis to concentrate the materials, thereby enhancing the accuracy of the measurements and minimizing 
solvent effects. FTIR spectroscopy enables the detection of functional group changes and molecular interactions, such as those involved 
in the reduction of silver ions by honey and the formation of the AgNPs-Chitosan complex. The FTIR analysis was conducted over the 
wavenumber range of 400–4000 cm⁻¹ at room temperature.

2.5.3. Transmission electron microscopy (TEM)
For further morphological analysis and to confirm high-resolution particle size measurements of AgNPs with distinct physical 

characteristics and significant differences in UV–Vis spectra, TEM was employed. The analysis was also extended to AgNPs-Chitosan 
samples to investigate the behavior of AgNPs within the oligochitosan matrix. AgNPs and AgNPs-Chitosan samples were prepared by 
dispersing them in distilled water and evenly spreading the suspension onto a carbon-coated copper grid. The grid was then dried 
before imaging. Observations were conducted at an accelerating voltage of 100 kV or higher to obtain high-resolution images. TEM 
was used to directly measure the particle size, as well as to assess the shape, distribution, and morphology of the AgNPs and AgNPs- 
Chitosan composites. TEM images were analyzed for particle size distribution using image analysis software, with ImageJ facilitating 
the measurements.

2.5.4. X-ray diffraction (XRD)
XRD was employed to confirm the crystallinity and particle size of the optimized AgNPs synthesized, based on the results of UV–Vis 

and FTIR analyses. XRD measurements were carried out using a CuKα X-ray source (λ = 1.5418 Å) at a scanning rate of 2◦/min over a 
2θ range from 10◦ to 90◦ The freeze-dried AgNPs sample were placed on a sample holder for analysis. The resulting diffraction data 
exhibited peaks corresponding to the standard diffraction patterns of AgNPs. These diffraction peaks were then compared with data 
from the JCPDS (Joint Committee on Powder Diffraction Standards) database to identify the crystalline structure of the AgNPs. The 
average particle size was estimated using the Scherrer equation, based on the full width at half maximum (FWHM) of the diffraction 
peaks.
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2.5.5. Energy dispersive X-ray spectroscopy (EDX)
EDX analysis was performed on the best-performing synthetic AgNPs, selected based on prior UV–Vis and FTIR analysis. The EDX 

measurements were conducted using a SEM-EDX system with an accelerating voltage of 20 kV. The freeze-dried AgNPs sample was 
placed on a stub and analyzed with an integrated EDX detector connected to the scanning electron microscope. X-ray emissions from 
the sample were detected to identify the elemental composition, with characteristic X-ray peaks used to confirm the presence of silver 
(Ag) and other elements within the nanoparticles.

2.5.6. Liquid chromatography-high resolution mass spectrometry (LC–HRMS)
In this approach, 5 mg of the sample was dissolved in 1 mL of LC-MS grade methanol (MeOH) and then filtered through a 0.2 µm 

Polytetrafluoroethylene (PTFE) membrane. Separation of compounds from honey (the optimal bioreductor for AgNPs synthesis) was 
performed on a Vanquish Flex UHPLC-Q Exactive Plus Orbitrap High-Resolution Mass Spectrometer, coupled with an Accucore C18 
column (100 × 2.1 mm, 1.5 µm, Thermo Scientific). The mobile phase consisted of 0.1 % formic acid in water (A) and 0.1 % formic acid 
in acetonitrile (B), with a gradient elution profile as follows: 0.0–1.0 min (15 % B), 1.0–22.0 min (15–70 % B), 22.0–24.0 min (70–95 % 
B), 24.0–27.0 min (95 % B), and 27.0–32.0 min (15 % B). The flow rate was set at 0.25 mL/min, with an injection volume of 2.5 µL. 
Ionization was performed using Electrospray Ionization (ESI) in both positive and negative modes, within the m/z range of 100 to 
1500. Operating conditions for the ionization source were set as follows: capillary temperature at 320 ◦C, spray voltage at 3.8 kV, and 
sheath and sweep gas flow rates at 15 mL/min and 3 mL/min, respectively. The automatic gain control (AGC) was set to 3 × 10⁶, and 
the injection time (IT) was fixed at 100 ms. Collision energies of 18, 35, and 53 eV were applied, and MS/MS² scanning was performed 
at a resolution of 70,000 full width at half maximum (FWHM).

2.6. Manufacturing of AgNPs-Chitosan-based hand gel sanitizer

A AgNPs-Chitosan-based hand gel sanitizer was made by mixing 0.5 g of carbomer 940 with 20 mL of distilled water in a mortar and 
stirring to form a gel mass. Methylparaben (0.1 g) was weighed and dissolved into 5 mL of distilled water to be added into the mortar 
and stirred until it reached homogeneity. A total of 5 mL of AgNPs-Chitosan as antibacterial was added to the mortar and stirred until 
dissolved. The gel formed was diluted by adding 20 mL of distilled water and triturated to form a gel and ensure uniformity. The 
resulting gel was then placed in a container for further evaluation.

2.6.1. pH test
The acidity of the hand gel sanitizer gel was measured to analyse the compatibility of the gel with human skin. The pH mea

surement was done by dipping the pH meter into the gel product at room temperature. A standard-compliant hand gel sanitizer has the 
same pH value as the skin, ranging from 4.0 to 6.5. If the pH of the hand gel sanitizer is not suitable, it can cause irritation or corrosion.

2.6.2. Syneresis test
Syneresis is the loss of water content due to evaporation from a gel material over some time. Syneresis was conducted by observing 

the weight of the gel before and after being placed in storage conditions at two different temperatures (5 ◦C and 40 ◦C) for 140 h

2.6.3. In vitro antibacterial activity test
The antibacterial activity was assessed using the well diffusion method on bacterial cultures in agar. Positive controls (two 

commercial alcohol-based hand sanitizers containing 70 % alcohol), a negative control (distilled water), 50 % v/v chitosan, and 0.1M 
AgNO₃ were tested for comparison with the various honey bioreductors of the AgNPs-Chitosan-based hand sanitizer studied in this 
work. Additionally, antibacterial activity tests were conducted using 70 % medical-grade alcohol, AgNPs, and AgNPs-Chitosan to 
provide more comprehensive results.

Sterilization of nutrient media, 0.9 % NaCl solution, and tools was done using autoclaving at 121 ◦C and 15 lbs for 15 min. Nutrient 
media (2 % NA) was prepared by boiling, cooling to 45 ◦C, and adding a bacterial suspension matched to McFarland 0.5 turbidity. Petri 
dishes were filled with 15 mL of gelatin media, and 100 µL of bacterial suspension was added. After solidification, 6 mm wells were 
made, and 20 µL of samples (positive and negative controls, AgNPs, AgNPs-Chitosan solutions, AgNPs-Chitosan-based hand gel san
itizers, 50 % v/v chitosan, 0.1M AgNO3, and 70 % medical-grade alcohol) were added. The dishes were incubated at 37 ◦C for 24 h, and 
inhibition zones were measured using a caliper in three directions. Tests were conducted in triplicate.

2.6.4. In vivo toxicity and irritation test
The in-vivo evaluation of the AgNPs-Chitosan-based hand gel sanitizer involved a toxicity assessment using brine shrimp larvae, 

along with a primary irritation test conducted on the dorsal skin of rabbits. These in-vivo tests were conducted in compliance with 
ethical clearance No. 177-KEP-UB-2024.

The toxicity assessment using the Brine Shrimp Lethality Assay involved exposing Artemia salina nauplii to test solutions prepared 
at different concentrations. A total of 10 nauplii were introduced into each sample, and their survival was monitored after 24 h of 
incubation. Nauplii exhibiting no controlled forward motion during a 30-second observation period were classified as dead. The 
number of dead and surviving nauplii in each sample was recorded. The mortality percentage was calculated using the following 
Equation: 
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% Mortality =
Number of dead nauplii

Total nauplii (dead + alive)
× 100 

The mortality data obtained were used to evaluate the toxicity of the samples and to calculate the LC50 (the concentration required 
to induce 50 % nauplii mortality). The LC50 value serves as a key parameter for determining the relative toxicity of the tested solutions, 
providing a quantitative basis for toxicity comparison across samples.

The in vivo irritation test of the non-alcoholic hand gel sanitizer (AgNPs-Chitosan-based hand gel sanitizer) was conducted on adult 
female Australian rabbits for 72 h, with data collected every 24 h. Female rabbits had their fur removed from four distinct areas on 
their backs (each corresponding to a different honey bioreductor variation), with a diameter of 4 cm for each spot. To prevent potential 
irritation from any wounds on the shaved skin, the exposed areas were wrapped with cloth for 24 h. After this period, the skin was 
smeared with the reduced AgNPs-Chitosan-based hand gel sanitizer derived from each honey bioreductor. Following the application, 
the treated areas were again covered with cloth to prevent external contamination. The first set of data was collected 24 h after the 
initial application.

3. Results and discussion

3.1. Synthesis of AgNPs-Chitosan

In this study, AgNPs were synthesized via a biological method, utilizing the reduction of Ag+ ions from AgNO₃ with various types of 
honey serving as bioreductors. Honey, primarily composed of carbohydrates such as glucose and fructose, plays a crucial role in this 
process. Honey can be used as a bioreductant to reduce AgNO₃ and form AgNPs. The sugars present in honey, particularly glucose and 
fructose, act as reducing agents. These sugars can be oxidized to form gluconic acid, while Ag⁺ ions are reduced to form AgNPs [16,28]. 
These sugars, in their open-chain form, contain aldehyde and ketone groups that act as electron donors. Specifically, the carbonyl 
group (C=O) present in glucose or fructose (and their derivatives) can donate electrons, facilitating the reduction of Ag+ to elemental 
silver (Ag⁰) [36,37] (Fig. 1a).

During the reaction, the oxygen atom in the carbonyl group becomes negatively charged, enabling the transfer of an electron to Ag+

ions, resulting in their reduction. This reduction process is visually confirmed by a color change in the solution—from colorless 
(Fig. 1b) to brown (Fig. 1c)—signifying the successful formation of AgNPs. The synthesis process involved several treatments to 
expedite the reaction, including stirring and exposure to direct sunlight. Stirring was employed to homogenize the solution, enhancing 
the likelihood of interparticle interactions and thus speeding up the reaction. Additionally, direct sunlight exposure was used to 
activate the aldehyde or ketone groups in the honey, facilitating the reduction of Ag+ ions to elemental silver (Ag⁰). The combined 
effects of stirring and sunlight accelerated the overall reduction process, improving the efficiency of AgNP formation.

Furthermore, research indicates that light intensity and exposure duration are critical factors influencing the synthesis of AgNPs, as 
evidenced by a correlation between the intensity of the absorbance peak and both light intensity and exposure time [36,38–40]. 
Specifically, blue wavelengths in sunlight provide sufficient energy to facilitate structural transformations in carbohydrates. This blue 
light is believed to induce tautomerization of biomolecules (from enol to keto forms), resulting in the release of reactive hydrogen 

Fig. 1. Mechanism of AgNPs formulation (a); AgNPs solution before sunlight exposure (b) and after sunlight exposure (c).

S. Fiddaroini et al.                                                                                                                                                                                                     OpenNano 21 (2025) 100228 

5 



atoms capable of reducing Ag ions to Ag⁰ [39].
Insufficient exposure to light can lead to incomplete formation of AgNPs, often resulting in a slightly brownish product that may 

revert to a clear solution over time. The exact nature of the resulting product under these conditions remains unclear. However, if the 
sample is suspected of reverting to a reactant state, a subsequent exposure to sunlight should theoretically yield AgNPs. This was not 
observed, leading to the conclusion that degradation of the solution and structural damage likely occurred. Therefore, careful 
consideration of sunlight exposure is essential for the synthesis of more stable AgNP products.

The synthesized AgNPs exhibited distinct visual characteristics, which can be attributed to the varying reductant content present in 
the different types of honey used. Analysis via the anthrone method revealed reductant levels of reducing sugar in cottonwood, 
rambutan, rubber, and coffee honey at 79 %, 67 %, 63 %, and 48 %, respectively. These findings align with previous studies, which 
indicated that AgNP solutions produced with lower concentrations of bioreductors tended to display brighter colors and lower 
absorbance values [41–43]. This observation suggests that a reduced bioreductor concentration correlates with smaller particle sizes of 
the synthesized AgNPs.

The formation of AgNPs can lead to the aggregation of these particles, primarily due to their small size, which increases their 
reactivity and facilitates interactions with one another [44]. To mitigate the occurrence of aggregates, coating processes are employed, 
with chitosan polymers being a prominent choice [44,45]. Chitosan is recognized for its efficacy as a metal coating agent [46–50]. The 
tendency of metal nanoparticles to agglomerate is largely attributed to Van der Waals forces acting on their surfaces. By applying a 
chitosan coating, these attractive forces can be counteracted, enhancing the stability of AgNPs and preventing undesirable aggregation 
[51–53].

Chitosan is known for its solubility in acidic environments but exhibits limited solubility in water. In this research, chitosan serves a 
dual purpose: it acts as a coating for AgNPs in aqueous solvents and functions as a key ingredient in the formulation of water-soluble 
hand gel sanitizers. To enhance its solubility in water, chitosan undergoes a modification process involving depolymerization with 
H₂O₂. H₂O₂ is a powerful oxidizing agent that effectively degrades polysaccharides by generating hydroxyl radicals (–OH) [54]. This 
process results in the cleavage of glycosidic bonds within the chitosan molecule, yielding LMW chitosan, which demonstrates improved 
water solubility [55].

The physical transformation from long strands of LMW chitosan to oligochitosan is evident through a color change in the solution 
(Fig. 2). LMW chitosan typically exhibits a faint yellow hue and is only slightly soluble in water, while displaying greater solubility in 
acidic solvents. Upon depolymerization of LMW chitosan with H₂O₂ in acidic conditions, followed by neutralization of the pH using 
NaOH, chitosan oligomers (oligochitosan) are produced. This process results in a clear solution, indicating the successful conversion of 
LMW chitosan to oligochitosan.

During the coating reaction of AgNPs with oligochitosan, a notable color change occurs in the AgNP solution, transitioning from a 
brownish hue to a cloudy appearance. This color change is not merely a result of dilution; rather, it indicates the dispersion of AgNPs 
within the chitosan matrix, with chitosan effectively enveloping the nanoparticles surfaces [30]. The primary objective of coating 
AgNPs with chitosan is to enhance their stability [56,57]. Furthermore, chitosan is recognized for its excellent biocompatibility and 
inherent antibacterial properties, allowing it to synergize with AgNPs and significantly augment their antibacterial efficacy [58,59].

Fig. 2. Depolymerization and deacetylation of LMW chitosan (water-soluble chitosan/oligochitosan formulation).
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Water-soluble chitosan, or oligochitosan, acts as a steric hindrance on the surface of AgNPs due to its positively charged amino 
groups (NH₂⁺) [60]. This presence of chitosan enhances the stability of the nanoparticles by preventing agglomeration. The stabili
zation mechanism relies on the spatial separation provided by the chitosan molecules, which occupy the interstitial spaces between 
AgNPs. As a result, the direct contact between AgNPs is minimized, effectively inhibiting the formation of aggregates. An illustrative 
representation of the coating of AgNPs with chitosan is provided in Fig. 3.

3.2. Characterization of AgNPs-Chitosan

Characterization of AgNPs synthesized using various honey-based reducing agents was conducted via UV–Vis spectroscopy. The 
results revealed that the synthesized AgNPs exhibited a maximum absorption wavelength at 450 nm. The broad absorption peak 
indicated the formation of AgNPs with a range of particle size distributions [61]. Although all honey variations produced the same 
peak at 450 nm, there were differences in absorbance levels. Notably, darker AgNP solutions, resulting from different honey variations 
as reducing agents (Fig. 1c), showed higher absorbance values (Fig. 4). AgNPs synthesized using cottonwood honey displayed the most 
intense solution color and the highest absorbance at 0.94, followed by rambutan, rubber, and coffee honey with absorbances of 0.813, 
0.687, and 0.653, respectively. These differences in absorbance are likely due to variations in the concentration of bioreductants 
present in different types of honey [42,54], as well as the pH of the reducing agents used (pH = 6.7–7.0) [62].

The optical properties of AgNPs, such as their maximum absorption wavelength, directly influence the particle size produced [63]. 
Larger particles, often resulting from aggregation, exhibit higher absorbance wavelengths [56]. Beyond optical characteristics, particle 
size also significantly impacts the biological activity of AgNPs, particularly their antibacterial efficacy. This relationship is attributed to 
the specific surface area of AgNPs—smaller particles have a larger surface area, which enhances their antibacterial performance by 
increasing the likelihood of interaction with bacterial cells [57].

Upon coating the AgNPs with oligochitosan, a significant shift in the UV–Vis spectrum was observed, marked by the disappearance 
of the characteristic surface plasmon resonance (SPR) peak of AgNPs at 450 nm, which was replaced by a spectrum resembling that of 
oligochitosan. This spectral change indicates successful encapsulation of the AgNPs within the oligochitosan matrix, leading to a 
modification of the nanoparticles’ optical properties. The disappearance of the SPR peak can be attributed to the formation of a stable 
chitosan layer that prevents direct interaction between the AgNPs and light. Typically, the SPR peak arises from the collective 
oscillation of conduction electrons on the nanoparticle surface, but the chitosan coating obstructs this interaction, resulting in 
quenching of the SPR signal.

Furthermore, the chitosan matrix effectively isolates the AgNPs, minimizing interparticle interactions and preventing aggregation, 
which typically enhances the SPR signal due to nanoparticle coupling. The lack of this effect in the coated AgNPs suggests that oli
gochitosan not only encapsulates but also stabilizes the nanoparticles, producing a spectrum more representative of oligochitosan than 
the AgNPs themselves.

Among the four types of honey used as bioreductors—cottonwood, rambutan, rubber, and coffee—AgNPs synthesized with 
cottonwood honey exhibited the most prominent results. The UV–Vis spectra of AgNPs reduced with cottonwood honey displayed 
significantly higher absorbance, indicating a higher concentration of nanoparticles. After capping with oligochitosan, the absorbance 
of the AgNP-oligochitosan composite showed a marked decrease, resulting in a flatter spectrum closely resembling that of pure oli
gochitosan. This decrease in peak absorbance confirms the successful capping process, where oligochitosan effectively encapsulates 
the AgNPs.

In contrast, AgNPs reduced with rambutan honey exhibited lower absorbance compared to cottonwood honey. However, after 
capping with oligochitosan, the AgNP-oligochitosan spectrum still showed relatively high absorbance, but it did not resemble the 
oligochitosan spectrum, indicating suboptimal interaction between AgNPs and oligochitosan. Similarly, AgNPs reduced with rubber 
and coffee honeys displayed lower absorbance peaks, but after capping with oligochitosan, their spectra became more similar to that of 
oligochitosan, suggesting better interaction between AgNPs and oligochitosan. However, the lower absorbance of these AgNPs sug
gests fewer nanoparticles were synthesized.

Fig. 3. Solutions of AgNPs, Chitosan, and AgNPs-Chitosan, along with an Illustration of Chitosan Coating on the Surface of AgNPs.
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Overall, cottonwood honey demonstrated superior performance in the synthesis of AgNPs and AgNP-oligochitosan composites. The 
higher absorbance observed in AgNPs synthesized with cottonwood honey indicates a larger number of AgNPs formed, likely due to 
more efficient reduction of Ag⁺ to Ag⁰, possibly attributed to a higher concentration of reducing compounds in the honey. Additionally, 
the similarity in surface plasmon resonance (SPR) patterns to oligochitosan suggests that cottonwood honey facilitates optimal 
interaction between AgNPs and oligochitosan. The stronger absorbance further implies that the combination of cottonwood honey and 
oligochitosan yields more effective AgNP-oligochitosan composites.

FTIR analysis was conducted to investigate the interaction between the formation of AgNPs and the honey bioreductors, as well as 
the capping process of oligochitosan on AgNPs (Fig. 5). Several absorption peaks appeared within the broad region of 3000–3500 cm⁻¹, 
with high intensity, indicating the presence of O–H groups in the honey, AgNPs, and AgNPs-Chitosan samples, as well as NH groups in 
the oligochitosan sample. These functional groups likely originate from phenolic compounds, flavonoids, or proteins in the honey, 
including glucose and fructose, which serve as the primary bioreductants during AgNP synthesis. Additionally, low-intensity ab
sorption bands around 2930 cm⁻¹ in the honey, AgNPs, and AgNPs-Chitosan samples correspond to C–H bonds from the organic 
compounds present in the honey.

Shifts, peak splitting, and intensity reductions were observed in the AgNPs sample compared to the honey samples in the 
1640–1730 cm⁻¹ range, indicating modifications in the carbonyl (C=O) groups of aldehydes (glucose) and ketones (fructose). This 
suggests that the formation of AgNPs involves electron donation from these carbonyl groups. Furthermore, the change in intensity from 
1560 to 1570 cm⁻¹ (oligochitosan) to a lower intensity in the AgNPs-Chitosan sample reflects interactions between the amino (NH₂⁺) 
groups of oligochitosan and the surface of the AgNPs. This result demonstrates that the capping interaction of AgNPs with oligochi
tosan occurs through the amino groups of oligochitosan, as illustrated in Fig. 3.

Additionally, peaks in the 1390–1405 cm⁻¹ range in both oligochitosan and AgNPs-Chitosan samples correspond to C–O-C bonds in 
cyclic structures. Moreover, the peak observed at 1300–1310 cm⁻¹ in the AgNPs spectrum, which is absent in the honey samples 
(cottonwood, rambutan, rubber, and coffee), can be interpreted as C–O or C–H vibrations, indicating the presence of organic 
components from honey that act as stabilizers on the AgNPs surface, preventing aggregation and contributing to nanoparticle stability.

Finally, the peaks in the 1000–1050 cm⁻¹ region for honey, AgNPs, and AgNPs-Chitosan are associated with functional groups 
linked to hydroxyl (-OH) or C–O vibrations, likely originating from sugars or other organic compounds, such as polysaccharides or 
phenolic compounds found in honey. These compounds play a role in AgNP formation. Overall, the FTIR spectra highlight the presence 

Fig. 4. Characterization of AgNPs with bioreductors of cottonwood honey (a), rambutan honey (b), rubber honey (c) and coffee honey (d) using a 
UV–Vis instrument.
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of various organic functional groups from honey, which interact with the AgNPs surface, playing a crucial role in nanoparticle sta
bilization and influencing the physicochemical properties and biological activity of the synthesized AgNPs.

Among the four types of honey used as bioreductors, AgNPs synthesized with cottonwood honey exhibited the strongest in
teractions, both in terms of AgNP formation and subsequent interaction with oligochitosan to form AgNPs-Chitosan composites. This 
interaction is clearly evidenced by the emergence of new or overlapping bands at 1639 cm⁻¹ and 1730 cm⁻¹ in the AgNP spectrum, 

Fig. 5. The FTIR Spectra of Honey (black); AgNPs (red); Oligochitosan (blue); AgNPs-Chitosan (green) with Different Bioreductor of Cottonwood 
Honey (a); Rambutan Honey (b); Rubber Honey (c); and Coffee Honey (d).

Fig. 6. Measurement of AgNPs with bioreductor of cottonwood honey (a) and coffee honey (b); AgNPs-Chitosan with bioreductor of cottonwood 
honey (c) and coffee honey (d) using TEM analysis.
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whereas the cottonwood honey sample itself displayed only a peak at 1643 cm⁻¹, indicating that AgNPs were reduced via carbonyl 
(C=O) groups. Additionally, a significant decrease in intensity was observed in the 1560–1570 cm⁻¹ range in the AgNPs-Chitosan 
sample, where high intensity was previously observed in the oligochitosan spectrum. This decrease in intensity suggests a strong 
interaction between cottonwood-reduced AgNPs and oligochitosan through amino (NH₂⁺) groups. In contrast, the other honey samples 
(rambutan, rubber, and coffee) exhibited weaker interactions, with only minor changes in peak intensities, indicating less significant 
interactions between the bioreductors and AgNPs, as well as between AgNPs and oligochitosan.

TEM was performed specifically on AgNPs synthesized using cottonwood and coffee honey (Fig. 6) because these samples exhibited 
the most distinct optical characteristics—cottonwood honey produced the most concentrated solution, while coffee honey resulted in 
the brightest. This choice was made to maximize the contrast in optical properties, as significant differences in color can indicate 
variations in particle size, shape, and distribution. Analyzing samples with the most pronounced optical differences helps in under
standing how these parameters are influenced by the synthesis conditions and bioreductor source. TEM provides detailed insights into 
the morphology and size of the particles, which is crucial for linking optical behavior (like color intensity and hue) to specific physical 
characteristics. Focusing on the samples with the most distinct optical variations ensures that the relationship between visual cues and 
nanoscale structure is clearly established, enhancing the validity of correlations drawn between the optical properties and the physical 
characteristics of the AgNPs.

For the AgNPs synthesized with cottonwood honey, the average particle diameter was found to be 11.71 nm, with a broad size 
distribution ranging from 3 to 27 nm. This indicates that cottonwood honey as a bioreductant produced AgNPs with a relatively larger 
size and a broader size distribution. In contrast, AgNPs synthesized with coffee honey exhibited a smaller average particle size of 7.14 
nm, with a narrower distribution between 3 and 23 nm. These findings suggest that the color of the AgNPs colloidal solutions, which 
are influenced by the bioreduction process, can provide valuable estimates regarding particle size. Additionally, the uniformity of the 
particles was higher in the coffee honey-reduced AgNPs, as reflected by the R² value of 0.95827, compared to the cottonwood honey- 
reduced AgNPs, which had a lower R² value of 0.9344. The R² values represent the degree of uniformity in the particle size distribution, 
where values closer to 1 indicate greater uniformity, as evidenced by the narrower peaks in the distribution data.

When the AgNPs were further coated with chitosan to improve their stability and functionality, a new comparison was made. The 
AgNPs synthesized using cottonwood honey and coated with chitosan had an average particle size of 11.93 nm, slightly larger than the 
AgNPs synthesized with coffee honey (7.96 nm). Despite this, the particle size distribution of AgNPs reduced with cottonwood honey 
became more uniform when incorporated into the chitosan matrix, with an R² value of 0.9487, compared to the coffee honey-reduced 
AgNPs, which had a much lower R² value of 0.7745. This suggests that the chitosan coating may have a stabilizing effect on the AgNPs, 
particularly those synthesized with cottonwood honey, enhancing their uniformity. The greater size uniformity of the cottonwood 
honey-reduced AgNPs in the chitosan matrix may be attributed to specific interactions between the honey components and chitosan, 
potentially leading to more efficient particle stabilization. In contrast, the less uniform particles observed in the coffee honey-reduced 
AgNPs suggest that chitosan may not interact as effectively with these smaller particles or with the components of coffee honey.

The TEM image reveals the presence of two distinct layers in the AgNPs-chitosan sample: an inner core of silver nanoparticles 
(AgNPs) and an outer layer of chitosan encasing the core. The chitosan coating, with a thickness ranging from 6 to 8 nm, indicates the 
successful formation of protective layer. This layer results from interactions between the functional groups of chitosan, such as amino 
groups, and the surface of AgNPs, creating a stable shell around the nanoparticles. The chitosan layer plays a crucial role in stabilizing 
AgNPs, preventing aggregation through electrostatic and steric interactions. Moreover, the chitosan enhances the biocompatibility of 
AgNPs due to its inherent biocompatible and antibacterial properties, making the composite more suitable for medical and phar
maceutical applications. The distinct two-layer structure demonstrates chitosan’s effectiveness as a coating agent, providing both 

Fig. 7. XRD pattern of AgNPs with cottonwood honey bioreductor (a); and AgNPs Standard (JCPDS: 04–0783) (b).
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stability and functional versatility to the AgNPs for a range of potential applications.
These findings highlight the crucial roles of both the reducing agent (type of honey) and the stabilizing agent (oligochitosan) in 

regulating the size, distribution, and uniformity of AgNPs. Chitosan coating appears to enhance the uniformity of AgNPs, particularly 
those reduced with cottonwood honey, likely due to better particle interactions and stabilization, leading to a more homogeneous 
distribution compared to AgNPs reduced with coffee honey. This observation aligns with UV–Vis and FTIR spectra, which indicate that 
AgNPs synthesized using cottonwood honey exhibit stronger interactions with the oligochitosan coating than those reduced with other 
types of honey, such as rambutan, rubber, or coffee honey. Consequently, further characterization of the crystal structure was per
formed using XRD, and sample purity was assessed with EDX specifically for AgNPs synthesized with cottonwood honey. Additional 
analyses using LC–HRMS were also conducted to identify the specific components present in cottonwood honey.

The crystal structure of AgNPs was characterized using XRD, as presented in Fig. 7. The XRD pattern of the AgNPs synthesized with 
cottonwood honey aligns with the standard reference for AgNPs (JCPDS code No. 04–0783). The diffractogram shows prominent peaks 
at 2θ angles of 37.84◦, 44.05◦, 64.31◦, 77.14◦, and 81.40◦, which correspond to the Bragg reflections from the (111), (200), (220), 
(311), and (222) planes of the face-centered cubic (FCC) lattice of silver.

The Debye-Scherrer equation was employed to estimate the size of the AgNP crystals, focusing on the peak with the highest in
tensity observed at 2θ = 37.84◦ This particular peak was chosen as it represents the most prominent and sharp feature in the XRD 
pattern, making it the most reliable for size estimation. Peaks with the highest intensity generally provide the most definitive infor
mation regarding the crystal structure, as they are less likely to be influenced by impurities or secondary phases. Using this peak and an 
FWHM of 0.1673◦, the estimated crystallite size for AgNPs synthesized from cottonwood honey is approximately 50.22 nm.

Fig. 8 presents the EDX spectrum of the AgNPs. The characteristic peak for AgNPs was observed at approximately 3 keV, consistent 
with earlier studies [64]. The analysis revealed a high purity of AgNPs, with silver atoms comprising about 84 % of the sample. The 
remaining 16 % was attributed to oxygen, likely originating from the air, residual bioreductants, or the AgNO₃ used in the synthesis.

Notably, no carbon was detected in the sample, which can be attributed to several factors. First, the AgNPs underwent a freeze- 

Fig. 8. EDX pattern of AgNPs with cottonwood honey bioreductor.
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drying process, which effectively removed any organic solvents and minimized the presence of carbon-based residues. Additionally, a 
relatively low concentration of the bioreductant was used in the synthesis, reducing the likelihood of carbon contamination from 
organic compounds. The weak bioreductant concentration means that only minimal organic material remained on the AgNPs’ surface, 
contributing to the absence of a detectable carbon signal in the EDX analysis. This supports the conclusion that the synthesized AgNPs 
are of high purity, with minimal organic interference.

The honey derived from C. pentandra was analyzed using LC–HRMS to identify its constituent compounds, particularly the car
bohydrate fractions commonly present in honey, which may serve as bioreductants in the synthesis of AgNPs. The carbohydrate profile 
of the honey predominantly consists of glucose and fructose, with glucose concentrations ranging from 35.99 % to 42.57 % and 
fructose concentrations ranging from 24.63 % to 35.06 % [65]. Based on the LC–HRMS spectrum (Fig. 9), we focused on the retention 
time range of 0–2 min, considering that the peak in this region exhibits a relative abundance approaching 99.99 %, indicating that the 
substances or compounds detected within this timeframe are the primary components of the sample. Consequently, this peak is more 
relevant for analysis and provides more significant information. In contrast, peaks at longer retention times (2–33 min) tend to exhibit 
lower intensities and can be regarded as noise, potentially resulting from contamination, instrument interference, or other distur
bances unrelated to the analytical objective.

The LC–HRMS analysis identified several carbohydrate (Table 1) derivatives of glucose and fructose, each originating from 
specific modifications of these sugars. Glucoheptonic acid results from the oxidation of glucose at the terminal CH2OH group, con
verting it into a carboxyl group. Similarly, d-gluconic acid is formed by the oxidation of the aldehyde group at C1 of glucose, resulting 
in a carboxyl group. The lactone form of d-gluconic acid, known as d-glucono-delta-lactone, forms when the carboxyl group reacts with 
the hydroxyl group at C5, creating a cyclic ester. Lactobionic acid is derived from d-gluconic acid by the addition of a galactose 
molecule, forming a disaccharide. d-glucopyranuronic acid is another glucose derivative resulting from oxidation at the C6 position, 
converting the CH2OH group into a carboxyl group, forming a uronic acid. 4-O-methyl-alpha-d-glucuronic acid is a methylated version 
of glucuronic acid, where the hydroxyl group at C4 is replaced with a methoxy group, a modification commonly found in glycos
aminoglycans. Methyl-N-(beta-d-glucopyranosyl)oxamate is a glucose derivative where a glucopyranosyl group is attached to an 
oxamate moiety through methylation, likely occurring through glucose conjugation in various metabolic processes.

On the fructose side, Hex-2-ulose is a ketohexose derivative of fructose, formed by the isomerization of fructose, where the 
aldehyde group is converted into a ketone at the C2 position, giving it a ketose structure. Finally, d-sucrose, a disaccharide composed of 
one glucose molecule and one fructose molecule, forms through a condensation reaction where the glucose and fructose units are 
joined by a glycosidic bond between the C1 of glucose and the C2 of fructose. Each of these derivatives highlights how glucose and 
fructose undergo various biochemical modifications, resulting in bioactive compounds with diverse chemical structures and functional 
properties.

Although these compounds are detected in their derivative forms, this does not impact the outcomes of our study, as the deriva
tization of glucose and fructose in honey continues to reflect their essential role in the bioreduction process. These modified forms do 
not alter the overall functionality of honey as a reducing agent for AgNPs. Given their chemical properties, these carbohydrate de
rivatives retain the potential to reduce silver ions (Ag⁺) and facilitate the formation of AgNPs in honey-based synthesis processes.

Fig. 9. The LC–HRMS chromatogram of Cottonwood (C. Pentrandra) Honey.
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3.3. Hand gel sanitizer product testing

3.3.1. pH test
The pH of the hand gel sanitizer gel formulations was assessed using a pH meter, with measurements taken for each variation of the 

AgNP bioreductors. The pH values across all formulations ranged from 4.0 to 4.3. This acidity level reflects the concentration of H⁺ ions 
in the solution, which is influenced by the protonation of hydroxyl groups from AgNPs-Chitosan and one hydroxyl group from C₈H₈O₃. 

Table 1 
LC-MS of Cottonwood (C. Pentrandra) Honey.

No RT Name DB Formula Area

Primary Metabolite
Alkaloid
1 1.091 5,9-Dihydroxy-2-(2‑hydroxy-2-propanyl)− 1-(1‑hydroxy-3,5,6-trimethoxy-10-methyl-9-oxo-9,10-dihydro- 

2-acridinyl)− 10‑methoxy-11-methyl-1,11-dihydrofuro[2,3-c]acridin-6(2H)-one
C37H36N2O11 598,821,449.3

Terpenoid
2 1.095 2-C-methylerythritol 4-phosphate C5H13O7P 467,265,531.6
3 10.669 (±)-Camphoric acid C10H16O4 21,880,518.74
Alcohol
4 1.09 Hexitol C6H14O6 38,902,679.27
Secondary Metabolite
Carbohydrate
5 1.116 Hex-2-ulose C6H12O6 3,664,130,206
6 1.118 Glucoheptonic Acid C7H14O8 2,869,537,559
7 1.111 D-Sucrose C12H22O11 1,457,225,161
8 1.079 D-Gluconic acid C6H12O7 441,880,060.9
9 1.144 D-Glucono-delta-lactone C6H10O6 194,340,823.9
10 1.21 d-Erythro-l-glucononulose C9H18O9 161,160,637
11 1.12 Maltotriose C18H32O16 96,493,638.52
12 1.087 Lactobionic acid C12H22O12 79,407,916.57
13 1.113 D-Arabinose C5H10O5 71,261,708.26
14 1.068 D-Glucopyranuronic acid C6H10O7 68,864,934.59
15 1.18 2-(alpha-d-mannosyl)-d-glyceric acid C9H16O9 66,892,836.43
16 1.188 4-O-Methyl-alpha-d-glucuronic acid C7H12O7 62,153,108.37
17 1.071 Methyl-N-(beta-d-glucopyranosyl)oxamate C9H15NO8 49,145,625.75
18 1.057 (2R,3S,4S,5S,6R)− 6-[(2R,3S,4R,5S,6R)− 6-(3-aminopropoxy)− 2-carboxy-4,5-dihydroxyoxan-3-yl]oxy- 

3,4,5-trihydroxyoxane-2-carboxylic acid
C15H25NO13 24,450,227.32

19 1.144 deoxyxylulose monophosphate C5H11O7P 21,165,036.48
20 1.122 Hexopyranosyl-(1->4)hexopyranosyl-(1->4)hexopyranosyl-(1->4)hexopyranose C24H42O21 20,930,236.57
21 1.108 1,4-d-xylobiose C10H18O9 18,904,532.8
22 1.463 3-O-beta-d-galactosyl-sn-glycerol C9H18O8 16,650,217.09
23 1.173 3-O-(N-Acetylneuraminyl)galactose C17H29NO14 8,312,687.622
Fenolat
24 1.131 ethyl (2S)− 2-[[[(E)− 2-[2-[(2-amino-6-oxo-1H-purin-9-yl)methyl]phenyl]ethenyl]-phenoxyphosphoryl] 

amino]propanoate
C25H27N6O5P 57,412,679.34

Other Compound
25 1.102 [(2R,3S,4R,5R)− 5-[5-amino-4-(prop‑2-enylcarbamoyl)imidazol-1-yl]− 3,4-dihydroxyoxolan-2-yl]methyl 

dihydrogen phosphate
C12H19N4O8P 272,561,078

26 1.1 [(3S,4R)− 5-(3-carbamoyl-1,2,4-triazol-1-yl)− 3,4-dihydroxyoxolan-2-yl]methyl 2-(2-methoxyethoxy) 
acetate

C13H20N4O8 122,298,565

27 1.153 2′,3′,5′-triacetyl-5-Azacytidine C14H18N4O8 60,457,664.04

Table 2 
Syneresis test results of AgNPs-Chitosan-based hand gel sanitizer on brine shrimp larvae with different AgNPs reducing agents.

Bioreductor of AgNPs 0 h 72 h 144 h 216 h

GM GML GML GML GML GML GML
(gr) (gr) (%) (gr) (%) (gr) (%)

Storage temperature: 5 ◦C
Cottonwood honey 19.65 0.02 0.10 0.04 0.20 0.05 0.25
Rambutan honey 19.66 0.03 0.15 0.05 0.25 0.08 0.41
Rubber honey 19.71 0.01 0.05 0.03 0.15 0.05 0.25
Coffee honey 19.75 0.02 0.10 0.03 0.15 0.06 0.30
Storage temperature: 40 ◦C
Cottonwood honey 19.62 0.12 0.61 0.22 1.12 0.33 1.68
Rambutan honey 19.66 0.14 0.71 0.31 1.58 0.48 2.44
Rubber honey 19.69 0.11 0.56 0.28 1.42 0.41 2.08
Coffee honey 19.72 0.12 0.61 0.32 1.62 0.45 2.28

Note: GM, gell mass; GML, gell mass loss.
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A pH range of 4.0 to 7.0 is considered safe for the skin, aligning with ideal standards to mitigate inflammation and irritation, with 
optimal conditions observed at a pH below 5.0 [66]. Research indicates that the growth of certain pathogenic bacteria associated with 
skin infections occurs most readily in neutral to alkaline pH environments, whereas a more acidic pH poses greater challenges for 
bacterial survival.

3.3.2. Syneresis test
Syneresis testing of the hand gel sanitizer products (Table 2) was conducted at both cold (5 ◦C) and elevated (40 ◦C) storage 

temperatures to evaluate the gel’s stability under these conditions. The syneresis test assesses the gel’s ability to retain its structure 
when subjected to temperature-induced changes, which can result in liquid exudation and gel contraction or degradation [67,68]. In 
general, a very low gel mass loss (<5 %) over an extended testing period of more than 7 days (168 h) is indicative of good gel stability 
[69]. The findings indicate that hand gel sanitizer gels stored at lower temperatures exhibited superior resistance compared to those 
stored at higher temperatures. The gel mass loss for products kept at cold temperatures ranged from 0.25 % to 0.41 %, whereas the loss 
for those at warmer temperatures was notably higher, ranging from 1.68 % to 2.28 % over a 216-hour period. This difference can be 
attributed to the effects of temperature, with higher storage temperatures facilitating the escape of water from the gel matrix. Elevated 
temperatures can accelerate the disruption of hydrogen bonds within the gel, leading to the formation of smaller, lighter compounds 
that are more prone to evaporation [68].

3.3.3. In vitro antibacterial activity test
Antibacterial assays (Tables 3 and Fig. 10) were performed using distilled water as a negative control, which exhibited no anti

bacterial activity. Interestingly, the positive control, a commercial hand gel sanitizer containing 70 % alcohol, also showed no anti
bacterial efficacy against the two bacterial strains tested. In contrast, AgNO₃ (0.1 M) and chitosan (2 %) demonstrated significant 
antibacterial activities, with inhibition zones measuring 10.13 ± 0.87 mm and 21.15 ± 2.01 mm against S. aureus, and 13.84 ± 0.71 
mm and 23.94 ± 1.74 mm against P. aeruginosa, respectively. Various types of honey were assessed for their antibacterial properties; 
however, none of the four honey types exhibited any measurable antibacterial activity against the tested bacteria. Notably, honey 
displayed minimal antibacterial effects against S. aureus, but the observed activity was insufficient to produce a discernible inhibition 
zone.

Testing the antibacterial activity of AgNPs synthesized with various honey bioreductors yielded promising results, although the 
differences were not statistically significant. The inhibition zones observed against S. aureus for the AgNPs produced with cottonwood, 
rambutan, rubber, and coffee honey were 15.47 ± 0.18 mm, 15.60 ± 0.28 mm, 15.76 ± 0.24 mm, and 15.92 ± 0.23 mm, respectively. 
For P. aeruginosa, the inhibition zones measured 13.94 ± 0.72 mm, 14.47 ± 0.82 mm, 14.61 ± 0.76 mm, and 15.45 ± 0.88 mm, 
respectively. TEM analysis revealed that AgNPs synthesized with coffee honey exhibited a smaller average particle size of 7.14 nm 
compared to 11.71 nm for those produced with cottonwood honey. While the smaller particle size correlated with slightly enhanced 
antibacterial activity, the differences were not substantial. This increased activity is due to the larger surface area of smaller AgNPs, 
enhancing their interaction with bacterial cell components [70].

AgNPs synthesized using honey as a bioreductant exhibit superior antibacterial activity compared to those produced with other 
bioreductants reported in previous studies (Table 4). Against S. aureus, AgNPs derived from honey achieved an inhibition zone of 15.92 
± 0.23 mm, outperforming S. polyanthum (13.00 ± 1.32 mm), A. vera (14.3 ± 0.6 mm), and A. platensis (14 ± 0.4 mm). The honey- 
based AgNPs also demonstrated significantly higher efficacy than H. ulmarius (4.1 ± 0.2 mm) and P. americana (5.25 ± 0.35 mm). Only 

Table 3 
The inhibition zone data of antibacterial activity test.

Code Sample Type Inhibition Zones (mm)

S. aureus P. aeruginosa

1 Control AgNO3 0.1M 10.13 ± 0.87 13.84 ± 0.71
2 Control (+) 6 ± 0 6 ± 0
3 Control (-) 6 ± 0 6 ± 0
4 Chitosan 2 % 21.15 ± 2.01 23.94 ± 1.74
1 Honey Cottonwood 6 ± 0 6 ± 0
2 Rambutan 6 ± 0 6 ± 0
3 Rubber 6 ± 0 6 ± 0
4 Coffee 6 ± 0 6 ± 0
1 AgNPs Cottonwood 15.47 ± 0.18 13.94 ± 0.72
2 Rambutan 15.60 ± 0.28 14.47 ± 0.82
3 Rubber 15.76 ± 0.24 14.61 ± 0.76
4 Coffee 15.92 ± 0.23 15.45 ± 0.88
1 AgNPs-Chitosan Cottonwood 30.14 ± 0.85 21.11 ± 0.36
2 Rambutan 27.22 ± 1.60 20.77 ± 1.40
3 Rubber 26.61 ± 1.21 20.67 ± 0.58
4 Coffee 26.30 ± 1.56 19.85 ± 0.83
1 Hand gel sanitizer based AgNPs-Chitosan Cottonwood 13.81 ± 0.54 9.89 ± 0.06
2 Rambutan 12.24 ± 1.13 11.16 ± 0.73
3 Rubber 14.84 ± 0.34 10.91 ± 0.67
4 Coffee 13.14 ± 1.49 10.92 ± 1.58

S. Fiddaroini et al.                                                                                                                                                                                                     OpenNano 21 (2025) 100228 

14 



Fig. 10. The antibacterial activity test was conducted, and the results are presented in Table 3.

Fig. 11. The antibacterial activity test of commercially available hand gel sanitizers containing 70 % alcohol (a and b), and alcohol 70 % (c).

Table 4 
Studies on various bioreductors for the biosynthesis of AgNPs as antibacterial agents.

No Bioreductor of AgNPs Inhibition Zones (mm) Ref.

S. aureus P. aeruginosa

1. Honey 15.92 ± 0.23 15.45 ± 0.88 This work
2. Syzygium polyanthum 13.00 ± 1.32 12.00 ± 0.50 [71]
3. Aloe vera 14.3 ± 0.6 13.1 ± 0.4 [72]
4. Arthrospira platensis 14 ± 0.4 12 ± 0.2 [73]
5. Trigonella foenum-graecum – 11.26 ± 0.51 [74]
6. Acacia nilotica 12 – [75]
7. Hypsizygus ulmarius 4.1 ± 0.2 2.1 ± 0.1 [76]
8. Persea americana – 5.25 ± 0.35 [77]
9. Aquilegia pubiflora – 9.1 ± 0.34 [78]
10. Aristolochia bracteolata 15.00 ± 0.0 14.66 ± 0.6 [79]
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A. bracteolata exhibited comparable activity, with an inhibition zone of 15.00 ± 0.0 mm. Similarly, against P. aeruginosa, honey- 
derived AgNPs achieved the highest inhibition zone of 15.45 ± 0.88 mm, surpassing S. polyanthum (12.00 ± 0.50 mm), A. vera 
(13.1 ± 0.4 mm), and A. platensis (12 ± 0.2 mm), as well as demonstrating superior activity compared to H. ulmarius (2.1 ± 0.1 mm) 
and P. americana (5.25 ± 0.35 mm). The exceptional antibacterial performance of honey-based AgNPs is likely attributed to the unique 
bioactive components in honey, such as flavonoids, phenols, and enzymes, which enhance nanoparticle reduction and stabilization, 
resulting in AgNPs with higher antibacterial efficacy. These findings establish honey as a highly effective bioreductant for AgNP 
synthesis, offering a promising approach to developing advanced antimicrobial solutions, particularly in addressing the critical 
challenge of antimicrobial resistance [37].

The inhibition zones of AgNPs-Chitosan against S. aureus were measured for various honey bioreductors, yielding values of 30.14 ±
0.85 mm for cottonwood, 27.22 ± 1.60 mm for rambutan, 26.61 ± 1.21 mm for rubber, and 26.30 ± 1.56 mm for coffee. For 
P. aeruginosa, the inhibition zones were 21.11 ± 0.36 mm, 20.77 ± 1.40 mm, 20.67 ± 0.58 mm, and 19.85 ± 0.83 mm, respectively. 
These results diverged slightly from the trends observed with uncoated AgNPs, where the smaller particle size of AgNPs synthesized 
with coffee honey bioreductor (7.14 nm) demonstrated superior antibacterial activity compared to the larger AgNPs produced with 
cottonwood honey (11.71 nm). In contrast, the AgNPs-Chitosan revealed that larger particle sizes were associated with enhanced 
inhibition zones. This phenomenon can be attributed to the increased coating of larger AgNPs with chitosan molecules, which possess 
inherent antibacterial properties. The synergistic effects of the chitosan coating and the AgNPs likely contribute to the improved 
antibacterial efficacy observed.

The inhibition zone measurements presented in Table 3 indicate that AgNPs-Chitosan exhibit significantly greater antibacterial 
activity against Gram-positive bacteria, specifically S. aureus, compared to Gram-negative bacteria, such as P. aeruginosa. This 
observation contrasts with the general expectation that Gram-negative bacteria are more susceptible to damage from chitosan, which 
disrupts cell wall integrity. The fundamental structural differences between Gram-positive and Gram-negative bacteria contribute to 
this outcome. Gram-positive bacteria possess a thick peptidoglycan layer in their cell wall, while Gram-negative bacteria have a more 
complex structure characterized by lipopolysaccharides within two membranes [53].

In this research, chitosan was utilized as a coating for AgNPs in the form of very low molecular weight of chitosan (oligochitosan), 
which is produced through the depolymerization of LMW chitosan. This process involved breaking the glycosidic bonds using 
hydrogen peroxide (H₂O₂) to generate oligochitosan. The antibacterial mechanism of oligochitosan (molecular weight < 5 kDa) in
volves both extracellular and intracellular disruption, impacting RNA/DNA integrity, protein synthesis, and mitochondrial function 
[50,53]. Due to its very low molecular weight, oligochitosan is more adept at passive penetration of the bacterial cell wall, thereby 
effectively impairing bacterial metabolism.

The hand gel sanitizer formulation containing 10 % AgNPs-Chitosan exhibited antibacterial activity, with inhibition zones ranging 
from 12.24 mm to 14.48 mm against S. aureus and from 13.94 mm to 15.45 mm against P. aeruginosa. However, the inhibition zone 
data did not reveal a consistent trend with respect to the variation in honey bioreductors used. This inconsistency is likely due to the 
relatively low concentration of AgNPs-Chitosan (10 %), which may have limited the capacity to more thoroughly assess the influence 
of individual formulation components on antibacterial efficacy. Nevertheless, the AgNPs-Chitosan-based hand gel sanitizer demon
strated superior antibacterial performance compared to the positive control (commercial 70 % alcohol-based hand gel sanitizer) which 
exhibited only minimal antibacterial activity. These findings suggest that, despite the lower concentration (10 %) of AgNPs-Chitosan, 
the formulation is more effective in inhibiting bacterial growth than hand gel sanitizers relying solely on alcohol as the antimicrobial 
agent.

To validate the antibacterial efficacy of commercial hand gel sanitizers containing 70 % alcohol, tests were conducted on two 
different brands of alcohol-based hand gel sanitizers as well as pure 70 % alcohol (Fig. 11). In this result, neither the alcohol-based 
hand gel sanitizers nor the pure alcohol demonstrated antibacterial activity against S. aureus or P. aeruginosa. Our study not only 
demonstrates that the AgNPs-chitosan-based hand gel sanitizer developed in this work is effective as an antibacterial agent, but also 
highlights that alcohol-based hand sanitizers are less effective in comparison. However, a limitation of this work is that it does not 
investigate the underlying reasons for the ineffectiveness of 70 %-alcohol-based hand gel sanitizers as antibacterial agents, nor does it 
explore biofilm formation in bacterial strains in detail. This is because the primary focus of our work is on developing and thoroughly 
testing a new hand gel sanitizer formulation that has been proven effective against bacteria. Previous studies [80–86] may have partly 
addressed these issues.

The reduced efficacy of alcohol-based sanitizers can be attributed to several underlying factors. One significant mechanism in
volves the formation of biofilms, especially by bacteria such as S. aureus [80,81]. Biofilms are structured clusters of bacteria embedded 
in an extracellular matrix, creating a physical barrier that prevents disinfectants, including alcohol, from effectively penetrating and 
reaching the bacterial cells. This barrier significantly reduces the antimicrobial action of alcohol, allowing the bacteria within the 
biofilm to remain protected and viable [82]. In addition, research has shown that alcohol concentrations, such as 70 %, can inad
vertently promote the formation of biofilms. This phenomenon occurs because alcohol, while effective in killing planktonic (free-
floating) bacteria, may induce a stress response in bacterial cells, leading to enhanced biofilm production as a survival mechanism. As a 
result, this biofilm formation further hinders the bactericidal efficacy of alcohol, making it less effective against biofilm-forming 
bacteria [83].

Secondly, the antibacterial activity of alcohol depends on its ability to disrupt bacterial cell membranes and denature proteins. 
However, in the presence of biofilms or when contact between the alcohol and bacteria is insufficient, this process becomes less 
effective, resulting in a failure to achieve bactericidal outcomes [84]. Salvage et al. [85] reported that lower alcohol concentrations can 
sometimes be more effective than 70 %, as they may penetrate bacterial membranes more efficiently without triggering biofilm 
formation. Optimal antibacterial activity has been observed at concentrations ranging from 37 % to 46 % for P. aeruginosa and 42 % to 
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50 % for S. aureus.
Although bacterial resistance to alcohol is uncommon, prolonged exposure to sub-lethal alcohol concentrations can lead to ad

aptations that increase bacterial tolerance to disinfectants [86]. This suggests that using 70 % alcohol as a standard disinfectant may 
not be fully effective, and reducing the concentration to a range of 40 % to 50 % could enhance antibacterial effectiveness against 
certain pathogens [85]. However, resistance to alcohol may still develop through mutations in carbohydrate metabolism and the 
formation of biofilms, which help bacteria resist alcohol’s effects. Biofilms create a protective shield, while metabolic mutations allow 
bacteria to adapt and survive in high-alcohol environments, further diminishing the bactericidal potency of alcohol-based sanitizers 
[86].

As a more efficient alternative, AgNPs-Chitosan-based hand gel sanitizers have been proposed as a non-alcohol solution. AgNPs 
exhibit potent antimicrobial activity through multiple mechanisms, including the release of silver ions that disrupt bacterial cell 
membranes, interactions with bacterial DNA, and the generation of reactive oxygen species (ROS) that lead to cell death [87,88]. 
Chitosan, on the other hand, acts as a biofilm-binding agent and enhances antimicrobial efficacy by increasing bacterial cell wall 
permeability [89,90]. The combination of AgNPs and chitosan offers a more stable and effective approach against pathogens, 
particularly biofilm-forming and alcohol-tolerant bacteria, such as S. aureus and P. aeruginosa. This AgNP-Chitosan-based hand gel 
sanitizer not only addresses bacterial resistance to alcohol but also provides broader protection through its multifaceted mechanisms, 
inhibiting biofilm formation and disrupting bacterial cell structures.

The antibacterial efficacy of AgNPs-Chitosan-based hand gel sanitizer was assessed after 5 and 20 days of storage at room tem
perature. The results indicated no significant difference in antibacterial effectiveness over time (Fig. 12, Table 5). The inhibition zone 
of the AgNPs-Chitosan-based hand gel sanitizer after 5 days of storage ranged from 12.95 ± 0.88 mm to 13.43 ± 0.23 mm for S. aureus 
and from 10.31 ± 0.05 mm to 11.43 ± 0.23 mm for P. aeruginosa. After 20 days of storage, the inhibition zone increased to 13.60 ±
0.26 mm to 13.98 ± 0.68 mm for S. aureus and from 14.12 ± 0.78 mm to 15.01 ± 1.04 mm for P. aeruginosa. These findings suggest 
that the antibacterial activity of the AgNPs-Chitosan-based hand gel sanitizer remains stable after 20 days of storage, with a slight 
increase in antibacterial efficacy, although not statistically significant.

This enhancement could be attributed to structural changes in the gel matrix during storage, which may affect the distribution of 
AgNPs and other active ingredients in the formulation. Changes in gel viscosity or network density could improve the formulation’s 
adhesion to the skin, thereby enhancing its antibacterial effectiveness. Additionally, the evaporation of solvent during storage may 
lead to an increased concentration of AgNPs-Chitosan in the hand gel sanitizer. The rise in AgNP concentration or gel viscosity likely 
contributes to the observed increase in antibacterial activity.

3.3.4. In vivo toxicity and irritation test
The toxicity test of shrimp larvae exposed to AgNPs-Chitosan-based hand gel sanitizers, reduced with various types of honey, 

revealed significant differences in toxicity levels. Among the honey types tested, cottonwood honey produced AgNPs with the lowest 
toxicity, as evidenced by the highest LC50 value of 2648.97 ppm (Table 6). Larval mortality increased from 10 % at 1 ppm to 43.33 % at 
1000 ppm, demonstrating that cottonwood honey generated more stable AgNPs, with a better chitosan coating effect, leading to a safer 
and less toxic formulation suitable for use in hand gel sanitizer.

In contrast, the AgNPs-Chitosan-based hand gel sanitizer reduced with rambutan honey exhibited the highest toxicity, with an LC50 
value of 1339.63 ppm. Mortality rates increased from 6.67 % at 1 ppm to 43.33 % at 1000 ppm, likely due to the bioactive compounds 
in Rambutan Honey, which produced more reactive AgNPs that did not interact well with the chitosan coating. This resulted in less 
stable AgNPs, increasing their toxicity, though still within safe levels.

AgNPs-Chitosan-based hand gel sanitizer reduced with rubber honey showed an LC50 value of 1834.71 ppm. Larval mortality 
increased from 10 % at 1 ppm to 46.67 % at 1000 ppm, placing it between cottonwood and rambutan honey in terms of toxicity. 
Meanwhile, the AgNPs-Chitosan-based hand gel sanitizer reduced with coffee honey had a slightly lower LC50 value of 1671.22 ppm 
compared to the rubber honey formulation. Larval mortality ranged from 3.33 % at 1 ppm to 43.33 % at 1000 ppm.

The toxicity results obtained from the shrimp larvae mortality assay revealed that, despite varying toxicity levels of AgNPs reduced 
with different types of honey, all samples fell within the LC50 range considered safe (>1000 ppm) [91]. In this study, AgNPs-Chitosan, 
used as a formulation in hand gel sanitizer at a concentration of only 10 %, exhibited beneficial antibacterial effects without causing 
significant toxic impacts on aquatic organisms.

The results of the primary skin irritation test (in vivo), conducted on adult female Australian rabbits, are presented in Fig. 13. Over a 
72-hour observation period, no signs of visible irritation, such as erythema or edema, were detected on the rabbits’ skin. These findings 
suggest that the AgNPs-Chitosan-based hand gel sanitizer does not release any irritants or harmful substances capable of inducing skin 
irritation. Throughout the entire observation period, the skin of the rabbits remained unaffected, exhibiting no redness, swelling, or 
signs of discomfort. In fact, the skin appeared to be smoother and visibly cleaner, as illustrated in Fig. 13. This can be attributed to the 
formulation’s use of non-toxic and skin-friendly ingredients, coupled with the potential beneficial effects of honey. Honey is well- 
known for its anti-inflammatory, antimicrobial, and moisturizing properties, which may have played a role in soothing the skin 
and enhancing its overall appearance and condition during the study. The absence of irritation, along with the observed improvement 
in skin texture and appearance, supports the conclusion that the AgNPs-Chitosan-based hand gel sanitizer formulation is safe for 
topical use and may offer additional dermatological benefits.

3.4. Antibacterial mechanism of AgNPs-Chitosan

While the exact mechanisms underlying the antibacterial properties of AgNPs remain incompletely understood, their multifaceted 
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Fig. 12. Antibacterial effectiveness test of AgNPs-Chitosan-based hand gel sanitizer product after 5 days and 20 days of storage.

Table 5 
Antibacterial activity test results of AgNPs-Chitosan-based hand gel sanitizer (after 5 and 20 days of storage).

Code Sample Type Inhibition Zones (mm)

S. aureus P. aeruginosa

1 Hand gel sanitizer based AgNPs-Chitosan (5 Days) Cottonwood 14.81 ± 0.54 13.31 ± 0.05
2 Rambutan 12.24 ± 1.03 13.43 ± 0.23
3 Rubber 13.84 ± 0.94 13.28 ± 1.17
4 Coffee 14.14 ± 0.69 12.95 ± 0.88
1 Hand gel sanitizer based AgNPs-Chitosan (20 Days) Cottonwood 13.98 ± 0.68 14.56 ± 0.66
2 Rambutan 13.60 ± 0.26 14.12 ± 0.78
3 Rubber 13.87 ± 0.24 14.67 ± 0.71
4 Coffee 13.94 ± 0.31 15.01 ± 1.04

Table 6 
Toxicity evaluation of AgNPs-Chitosan-based hand gel sanitizer on brine shrimp larvae with different AgNPs reducing agents.

Bioreductor of AgNPs Concentration (ppm) Number of Surviving Nauplii (24 h) Total of Nauplii Survivors % Mortality LC50 (ppm)

T1 T2 T3

Cottonwood Honey 1 8 10 9 27 10.00 2648.97
10 7 8 9 24 20.00
100 8 7 6 21 30.00
1000 6 6 5 17 43.33

Rambutan Honey 1 9 10 9 28 6.67 1339.63
10 7 8 8 23 23.33
100 7 7 6 20 33.33
1000 5 6 6 17 43.33

Rubber Honey 1 10 8 9 27 10.00 1834.71
10 9 7 8 24 20.00
100 7 8 6 21 30.00
1000 5 5 6 16 46.67

Coffee Honey 1 10 10 9 29 3.33 1671.22
10 9 9 8 26 13.33
100 7 8 7 22 26.67
1000 5 6 6 17 43.33
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antibacterial actions are illustrated in Fig. 14. AgNPs operate as antibacterial agents through a complex mode of action. They release 
silver ions (Ag⁺), which adhere to bacterial cell walls and cytoplasmic membranes via electrostatic interactions with sulfur-containing 
proteins. This binding enhances membrane permeability, resulting in the leakage of cellular contents. Furthermore, silver ions inhibit 
the electron transport chain, leading to a reduction in adenosine triphosphate (ATP) production and subsequent metabolic dysfunc
tion. AgNPs also promote the generation of reactive oxygen species (ROS), highly reactive molecules that can inflict damage on critical 
cellular components, including DNA, proteins, and lipids, thereby inducing oxidative stress and additional cellular injury. The 
interaction of silver ions with sulfur and phosphorus in DNA can hinder bacterial DNA replication and cell division. Additionally, 
AgNPs may induce ribosomal denaturation, disrupting the synthesis of essential proteins, ultimately culminating in bacterial cell 
death. Beyond the release of silver ions, AgNPs can accumulate in the depressions of the bacterial cell wall, further exacerbating 
structural damage and contributing to cell death. Collectively, these mechanisms elucidate the efficacy of AgNPs in inhibiting bacterial 
growth and inducing cell death [19].

The antibacterial activity of AgNPs-Chitosan of honey is attributed to a combination of synergistic mechanisms that disrupt bac
terial integrity and hinder their survival. One key mechanism is the disruption of the bacterial cell membrane. AgNPs-Chitosan interact 
with the negatively charged components of the bacterial cell wall, compromising the membrane’s integrity. This disruption increases 
membrane permeability, leading to the leakage of intracellular contents and ultimately resulting in bacterial cell death. Scanning 
electron microscopy studies have visually confirmed this membrane-damaging effect caused by AgNPs-Chitosan [92].

Fig. 13. Primary irritation test results of AgNPs-Chitosan based hand gel sanitizer with cottonwood (a), rambutan (b), rubber (c) and coffee (d) 
honey bioreductors on adult female autralian rabbits for 24, 48, and 72 h.

Fig. 14. Antibacterial mechanism of AgNPs.
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The polycationic nature of chitosan enhances antibacterial activity through electrostatic interactions. In acidic environments, 
where chitosan becomes protonated, it binds more effectively to the anionic surfaces of bacterial cells. This increased binding affinity 
disrupts bacterial cellular functions, further strengthening the antimicrobial effect of AgNPs-Chitosan. Another critical antibacterial 
mechanism involves DNA binding and replication inhibition. Chitosan can bind directly to bacterial DNA, interfering with replication 
processes. This action inhibits bacterial growth and reproduction, contributing significantly to the bactericidal effect [90].

Additionally, chitosan exhibits chelating properties, allowing it to bind to trace metal ions essential for bacterial growth. By 
depriving bacteria of these vital nutrients, chitosan disrupts their metabolic functions, which can lead to toxic effects within the 
bacterial cells. Together, these combined mechanisms highlight the effectiveness of AgNPs-Chitosan as a potent antibacterial agent. 
The synergistic interaction between AgNPs and chitosan enables the compound to target bacterial cells through multiple pathways, 
making it highly effective in combating bacterial infections [90,92].

4. Conclusions

The study demonstrates that AgNPs, synthesized using honey as a bioreductant and coated with oligochitosan, possess significant 
potential as a sustainable antimicrobial agent. C. pentandra honey produced AgNPs with an average particle size of 11.71 nm, 
exhibiting enhanced antibacterial efficacy, particularly after oligochitosan coating. The AgNPs-Chitosan-based hand gel sanitizer 
formulation, characterized by stable pH values (4.0–4.3) and high resistance to syneresis at 5 ◦C and 40 ◦C, displayed superior 
antibacterial activity compared to alcohol-based hand gel sanitizers, with inhibition zones against S. aureus and P. aeruginosa 
measuring 14.84 ± 0.4 mm and 11.16 ± 0.73 mm, respectively. Dermatological assessments confirmed its safety, showing no skin 
irritation after 72 h of application. Furthermore, toxicity evaluations revealed low toxicity, with the highest LC50 value (2648.97 ppm) 
observed for AgNPs derived from C. pentandra honey. Combining stability, antibacterial performance, and safety, this formulation 
highlights the potential of AgNPs-Chitosan as an innovative and sustainable antimicrobial solution to address the global challenge of 
antimicrobial resistance.
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