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A B S T R A C T

The green synthesis of silver nanoparticles (AgNPs) using bio-based reductants has gained significant attention 
due to its environmentally friendly and sustainable approach. This study aims to optimize the synthesis, char
acterize the physicochemical properties, and evaluate the biological activities of AgNPs synthesized using 
cottonwood (Ceiba pentandra) and rambutan (Nephelium lappaceum) honeys as bioreducing agents, with further 
functionalization by oligochitosan to enhance stability and bioactivity. Comprehensive characterization using 
UV-Vis spectroscopy, FTIR, PSA-DLS TEM, FESEM-EDX, and XRD confirmed the formation of spherical nano
particles with an average size of 9.01 nm. The particle size distribution followed a lognormal model with an R² 
value of 0.925, indicating high statistical reliability. The biological activities of AgNPs and AgNPs-Ch composites 
were evaluated through antioxidant and toxicity assays. The DPPH assay demonstrated a 3.00–3.41-fold 
enhancement in antioxidant activity upon chitosan coating, suggesting a synergistic interaction between AgNPs 
and oligochitosan in free radical scavenging. Furthermore, toxicity assessment using Artemia salina nauplii 
revealed a substantial 6.12–6.19-fold reduction in toxicity for AgNPs-Ch compared to uncoated AgNPs, high
lighting the protective role of chitosan in mitigating silver ion release. These findings underscore the potential of 
honey-derived AgNPs and their chitosan composites for biomedical and environmental applications, providing a 
sustainable route for nanoparticle synthesis with improved biofunctionality and safety.

1. Introduction

Nanotechnology has revolutionized various scientific fields, 
including medicine [1], environmental science [2,3], and materials 
engineering [1,4], through the development of nanoparticles with 
tailored properties. Among these, AgNPs have garnered significant 
attention due to their exceptional physicochemical characteristics, 
including high surface area [5–7], unique optical properties [8,9], and 
remarkable antimicrobial [10,11] and antioxidant activities [12,13]. 
AgNPs are widely utilized in various scientific fields, making the opti
mization of their synthesis a critical area of research.

The synthesis of AgNPs using environmentally friendly approaches, 
such as green chemistry, has emerged as a sustainable alternative to 

conventional chemical and physical methods [14,15]. In particular, the 
use of natural reductants, such as plant extracts [16–18], fungi [19,20], 
and honey [11,21], has gained momentum due to their non-toxic nature 
and reduced environmental impact [22,23]. Honey, a naturally occur
ring bioreductant, is rich in polyphenols, flavonoids, and reducing 
sugars [24,25], which facilitate the reduction of silver ions and the 
stabilization of nanoparticles [26,27]. However, achieving consistent 
and optimized synthesis of AgNPs with desirable characteristics remains 
a challenge due to variations in the chemical composition of natural 
reductants [11].

Optimization of the synthesis process plays a crucial role in con
trolling the physicochemical properties of AgNPs, including particle 
size, morphology, and stability, which in turn influence their biological 
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activities [28]. Key synthesis parameters such as reaction duration, 
bioreductant concentration, and silver precursor concentration signifi
cantly impact nanoparticle formation. Reaction duration affects the 
growth and nucleation rate of AgNPs, where shorter durations may lead 
to incomplete reduction, resulting in larger and polydisperse nano
particles, while excessive reaction times may lead to unnecessary ag
gregation [6,29–31]. Similarly, the concentration of the bioreductor 
determines the availability of reducing agents and stabilizing com
pounds; an optimal concentration is essential to achieve a balance be
tween reduction efficiency and nanoparticle stabilization [32,33]. 
Furthermore, silver precursor concentration is a crucial factor that dic
tates the density of available silver ions for nucleation and growth. An 
excessive concentration of silver ions can lead to uncontrolled growth 
and aggregation, whereas insufficient silver content may hinder effec
tive nanoparticle formation [34].

Irradiation serves as a catalytic driver in the synthesis of AgNPs by 
accelerating the reduction of Ag⁺ ions to elemental silver (Ag⁰). Various 
irradiation sources, including UV light [35], visible light [36], and mi
crowave radiation [37], have been employed to regulate particle size, 
distribution, and stability. The underlying mechanism is governed by 
photon energy absorption by either the precursor or the reducing agent, 
directly influencing nucleation kinetics and nanoparticle growth [38]. 
The choice of irradiation type plays a critical role in tailoring the 
physicochemical properties of AgNPs, making it a key parameter for 
optimizing their functionality in specific applications.

In addition to their synthesis, the biological activities of AgNPs, 
including antioxidant and toxicity properties, are critical for evaluating 
their applicability in various fields. The incorporation of biopolymers, 
such as oligochitosan, into AgNPs has been reported to enhance their 
stability and biological performance [17,39]. The antioxidant potential 
of AgNPs and their composites can be evaluated using assays like DPPH, 
which provide insights into their free radical scavenging capabilities 
[40,41]. Furthermore, toxicity assessment using model organisms, such 
as Artemia salina nauplii, offers a reliable method for determining their 
biocompatibility and safety for future applications [42,43]. The inter
play between synthesis conditions and biological properties underscores 
the need for systematic optimization to maximize the efficacy and 
applicability of AgNPs-based materials [44].

This study aims to optimize the synthesis of AgNPs using honey as a 
green reducing agent and evaluate the antioxidant and toxicity prop
erties of AgNPs and their chitosan composites. The synthesis optimiza
tion is conducted by varying Ag concentration, bioreductor 
concentration, and exposure duration. Additionally, sunlight irradiation 
is selectively filtered using plastic filters to identify the optimal wave
length (visible light) most influential in sunlight for AgNPs synthesis. 
Once the optimal conditions for each honey type are determined, AgNPs 
are further modified with oligochitosan coating to enhance biocom
patibility. The characterization of AgNPs in this study encompasses a 
comprehensive suite of analytical techniques. UV-Vis spectroscopy is 
employed to assess the surface plasmon resonance of AgNPs, providing 
insights into their optical properties and formation dynamics. FTIR 
spectroscopy is utilized to elucidate molecular interactions and chemical 
transformations occurring during synthesis and oligochitosan coating. 
Morphological and compositional analyses are conducted using TEM 
and FESEM-EDX, enabling high-resolution visualization and elemental 
mapping of AgNPs. Stability assessments post-coating are performed via 
PSA-DLS to evaluate hydrodynamic size distribution and colloidal sta
bility. Furthermore, XRD analysis is conducted to determine the crys
tallite structure of AgNPs before and after oligochitosan 
functionalization, offering critical insights into phase composition and 
structural integrity.

Through a systematic analysis of synthesis parameters and the inte
gration of advanced characterization techniques, this study provides a 
comprehensive understanding of the relationship between synthesis 
conditions, physicochemical properties, and biological activity of 
AgNPs. The findings offer valuable insights into the design and 

application of AgNPs-based materials in biomedicine and environmental 
science, supporting the development of nanoparticles with enhanced 
functionality and controlled biocompatibility.

2. Material and method

2.1. Materials and instrumentation

The chemicals used in this research were silver nitrate (AgNO3, 
EMSURE 99 %), low-molecular-weight (LMW) chitosan (deacetylation 
degree 75 %–85 %; 50–190 kDa; SIGMA-ALDRICH), glacial acetic acid 
(CH3COOH; 99 % EMSURE), hydrogen peroxide (H2O2, 30 % SMART- 
LAB), Ethanol (C₂H₆O, Smartlab; Absolute 98 %), and 2,2-diphenyl-1- 
picrylhydrazyl (DPPH; SIGMA-ALDRICH). Additionally, this study uti
lized various bioreductors, specifically cottonwood (Ceiba pentandra) 
honey and rambutan (Nephelium lappaceum) honey. all sourced from 
Tawon Rimba Raya Farm in Malang, East Java, Indonesia. The in
struments used were UV–Vis (Shimadzu 1601 Series), FTIR (Shimadzu 
8400 s), PSA-DLS (Malvern Panalytical, UK), FESEM-EDX (FEI - Quanta 
FEG 650), and XRD (PANalyticaln X′Pert PRO).

2.2. Synthesis of AgNPs

AgNPs were synthesized by combining honey at varying concentra
tions (0.75 %, 1.5 %, and 3 %) with silver nitrate (AgNO3) solutions at 
different concentrations (0.025 M, 0.05 M, and 0.1 M) in equal volumes. 
The mixtures were thoroughly stirred using a magnetic stirrer for 
10 minutes at room temperature (26 ◦C–30 ◦C). After homogenization, 
the solutions were exposed to sunlight (intensity range: 88,400–137,600 
lux; temperature range: 26 ◦C–34 ◦C) for 10 minutes. The formation of 
AgNPs was indicated by a distinct color change from colorless to brown. 
This process was repeated for each type of honey tested.

The effect of wavelength exposure on AgNPs synthesis was examined 
using honey that exhibited the most notable color change. Sunlight 
wavelengths corresponding to the visible spectrum (red, yellow, green, 
blue, and violet) were filtered using colored plastic films. The trans
mitted wavelengths were measured with a spectrometer apps in mobile 
phone, and their influence on the synthesis process was evaluated 
through UV-Vis spectrophotometry. The key optimization parameters 
for the synthesis process are summarized in Table 1.

This method follows a green synthesis approach, utilizing natural 
bioreductor from honey and a natural catalyst in the form of sunlight, 
making it an eco-friendly and sustainable alternative to conventional 
nanoparticle synthesis methods.

2.3. Oligochitosan coating on AgNPs

The coating of AgNPs with oligochitosan involves an initial depoly
merization and deacetylation process using low molecular weight chi
tosan to produce oligochitosan, following the protocol established in our 
previous study [11]. Oligochitosan (water-soluble chitosan) was pre
pared by dissolving 0.4 g of LMW chitosan in 20 mL of 1 % acetic acid 
and stirring for 2 hours. Depolymerization was performed by adding 
10 % H₂O₂ up to 20 mL and stirring for another 2 hours. The solution was 
then neutralized to pH 7 using 10 % NaOH, filtered, and the filtrate was 
collected as oligochitosan.

AgNPs with the optimal characteristics from each honey type 
(cottonwood and rambutan) are then modified by mixing with oli
gochitosan in a 1:1 vol ratio. The coating process is conducted by 
gradually adding AgNPs into the oligochitosan solution under contin
uous stirring at 250 rpm at room temperature (27–30◦C). This controlled 
mixing results in the formation of oligochitosan-coated AgNPs (AgNPs- 
Ch), appearing as a clear solution.
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2.4. Characterizations

2.4.1. UV-Vis spectroscopy
UV-Vis spectroscopy was utilized to investigate the formation of 

AgNPs synthesized using honey as a natural reductant. Spectral mea
surements were performed using a UV-Vis spectrophotometer across the 
wavelength range of 200–800 nm. The AgNPs samples were analyzed in 
1 cm quartz cuvettes, and the absorbance was recorded at the charac
teristic maximum wavelength (λmax) of AgNPs, typically observed be
tween 400 and 450 nm. The presence of absorbance peaks in this region 
confirmed the successful synthesis of AgNPs, attributed to surface 
plasmon resonance phenomena.

Furthermore, UV-Vis spectroscopy was employed to evaluate the 
optical properties of oligochitosan and AgNPs-Ch composites. The 
addition of oligochitosan to AgNPs induced a shift and alteration in the 
absorbance peak within the 400–450 nm range, indicative of molecular 
interactions between AgNPs and oligochitosan. This spectral shift 
corroborated the successful formation of a stable AgNPs-Chitosan 
complex, demonstrating the effective incorporation of chitosan into 
the AgNPs matrix and highlighting its potential for enhanced stability 
and functionality.

2.4.2. Transmission electron microscopy
The morphological characterization and particle size distribution 

analysis of AgNPs were conducted utilizing TEM with a JEM-1400 in
strument (JEOL, Japan). Prior to imaging, the colloidal AgNPs sample 
was prepared by depositing 1–2 µL of the colloidal solution onto a 
carbon-coated copper grid (300 mesh), followed by air-drying at room 
temperature to remove residual solvents.

TEM imaging was performed at an accelerating voltage of 120 kV, 
with a magnification of 150,000 × , to obtain high-resolution images 
enabling detailed morphological and size distribution analysis. Particle 
size measurements were conducted using ImageJ software, where more 
than 100 nanoparticles were analyzed to generate a statistically repre
sentative size distribution. Subsequently, a histogram was constructed, 
and the particle size distribution was evaluated using a lognormal 
model, with statistical parameters including mean particle size and 
standard deviation being determined.

2.4.3. Fourier transform infra-red
FTIR spectroscopy was utilized to analyze the chemical composition 

and molecular interactions present in honey, AgNPs, oligochitosan, and 
AgNPs-Ch composites. For honey, FTIR analysis was performed directly 
in its liquid state without any additional preparation, as freeze-drying 
was unnecessary. Conversely, the AgNPs, oligochitosan, and AgNPs-Ch 
samples were subjected to freeze-drying prior to analysis. This step 
concentrated the materials, enhancing measurement precision and 
reducing interference from solvents. FTIR spectroscopy was employed to 

detect changes in functional groups and molecular interactions, such as 
the reduction of silver ions by honey and the formation of AgNPs- 
Chitosan complexes. The measurements were conducted at room tem
perature, covering a wavenumber range of 400–4000 cm⁻¹ .

2.4.4. Particle size analyzer - dynamic light scattering
The hydrodynamic size distribution and colloidal stability of AgNPs 

and AgNPs-Ch were characterized using a Zetasizer Advance Series 
(Malvern Panalytical, UK) based on Dynamic Light Scattering (DLS) and 
Electrophoretic Light Scattering (ELS) techniques. Samples were 
dispersed in deionized water and sonicated to prevent aggregation 
before measurement.

Particle size distribution was analyzed at 25◦C using a He-Ne laser 
(633 nm, 10 mW) and a backscattering detection angle of 173◦, ensuring 
high sensitivity for nanoscale measurements. The Z-average diameter 
and polydispersity index (PI) were determined through cumulant anal
ysis, where a PI < 0.3 indicated a monodisperse system.

Zeta potential was measured using an electrophoretic mobility mode 
with a universal dip cell to assess surface charge and colloidal stability. 
Values within ± 30 mV were considered indicative of stable dispersions 
due to sufficient electrostatic repulsion. Data processing was performed 
using Zetasizer Software 8.01 to obtain size distribution profiles and 
stability parameters.

2.4.5. X-ray diffraction
The crystallite structure of oligochitosan, AgNPs, and AgNPs-Ch was 

analyzed using XRD. Sample preparation involved freeze-drying the 
materials to obtain dry powder suitable for XRD analysis. The mea
surements were performed on AgNPs exhibiting optimal characteristics 
as determined by prior UV-Vis and FTIR analyses. XRD data acquisition 
was conducted using a diffractometer equipped with a Cu-Kα radiation 
source (λ = 1.5406 Å) operating at 30 mA and 40 kV. The scan range was 
set between 10.0084◦ and 89.9764◦ (2θ) with a step size of 0.0170◦ and 
a scan time of 10.160 seconds per step. A continuous scanning mode was 
employed, with fixed divergence slit settings at 0.8709◦. The goniometer 
radius was maintained at 240 mm, and the distance of the focus- 
divergence slit was 100 mm. During the analysis, the sample was posi
tioned with a specimen length of 10 mm and analyzed at a constant 
temperature of 25 ◦C.

2.4.6. Field emission scanning electron microscopy - energy dispersive X-ray 
spectroscopy

The morphological and elemental characterization of oligochitosan, 
AgNPs, and AgNPs-Ch was performed using Field Emission Scanning 
Electron Microscopy (FESEM) coupled with Energy Dispersive X-ray 
Spectroscopy (EDS). Samples were prepared by depositing each material 
onto silicon (Si) wafers to form uniform thin films. Oligochitosan was 
prepared as a dry powder or thin film from its aqueous solution, AgNPs 

Table 1 
Optimization parameters of AgNPs synthesis.

Parameter Optimization Exposure Duration Honey Concentration AgNO3 Concentration Type of Exposure

Exposure Duration 5 min 3 % 0.05 M Sunlight
10 min 3 % 0.05 M Sunlight
15 min 3 % 0.05 M Sunlight
20 min 3 % 0.05 M Sunlight

Honey Concentration 10 min 3 % 0.05 M Sunlight
10 min 1.5 % 0.05 M Sunlight
10 min 0.75 % 0.05 M Sunlight

AgNO3 Concentration 10 min 3 % 0.1 M Sunlight
10 min 3 % 0.05 M Sunlight
10 min 3 % 0.025 M Sunlight

Type of Exposure 10 min 3 % 0.05 M Sunlight-Red filter
10 min 3 % 0.05 M Sunlight-Yellow filter
10 min 3 % 0.05 M Sunlight-Green filter
10 min 3 % 0.05 M Sunlight-Blue filter
10 min 3 % 0.05 M Sunlight-Purple filter
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were deposited directly from the optimized colloidal suspension, and 
AgNPs-Ch composites were formed by drying the mixture of AgNPs and 
oligochitosan onto the substrate.

The analyses were conducted using an FEI Quanta FEG 650 FESEM 
equipped with an Oxford Instrument X-act EDS detector and AZtecOne 
software. The system operated in high-vacuum mode with an acceler
ating voltage of 20 kV, a spot size of 5, a dwell time of 1 µs, and a 
working distance of 10 mm. Backscattered electron (BSE) imaging was 
employed at a magnification of 50,000 × to observe the surface 
morphology of the samples. EDS measurements were conducted on 
specific regions of the samples to determine their elemental composition 
and confirm the presence of key elements in each sample. The FESEM 
imaging provided detailed insights into the surface morphology, while 
EDS spectra were used to determine the chemical composition. FESEM- 
EDX analysis was performed on AgNP samples exhibiting optimal 
characteristics, as determined by prior UV-Vis and FTIR analyses.

2.5. In vitro antioxidant activity

The antioxidant activity of honey, AgNPs, oligochitosan, and AgNPs- 
Ch composites was assessed using the DPPH (2,2-diphenyl-1-picrylhy
drazyl) radical scavenging assay. For each sample, various concentra
tions were prepared in methanol to evaluate their ability to neutralize 
DPPH free radicals. A methanolic solution of DPPH (0.1 mM) was freshly 
prepared and used as the radical source. In a typical experiment, 1 mL of 
DPPH solution was mixed with 1 mL of each sample solution at the 
desired concentration. The mixture was incubated in the dark at room 
temperature for 30 minutes to allow the reaction to proceed.

The absorbance of the reaction mixture was measured at 517 nm 
using a UV-Vis spectrophotometer, with methanol as the blank. The 
percentage of DPPH radical inhibition was calculated using the Equa
tion 1: 

%Inhibition =
A (control) − A (sample)

A (control)
× 100% (1) 

Where A (control) is the absorbance of the DPPH solution without the 
sample, and A (sample) is the absorbance of the DPPH solution with the 
sample. Each test was performed in triplicate to ensure reproducibility, 
and the results were expressed as the percentage of DPPH radical 
scavenging activity. The antioxidant activity was analyzed across a 
range of concentrations to determine the dose-dependent efficacy of 
each sample. Honey and oligochitosan were tested independently, while 
AgNPs and AgNPs-Ch composites synthesized using cottonwood and 
rambutan honey were evaluated to assess the role of honey type and 
chitosan coating on their antioxidant performance.

2.6. In vivo toxicity test

The in vivo toxicity evaluation of AgNPs and AgNPs-Ch composites 
was conducted using the Brine Shrimp Lethality Assay (BSLA) in 
accordance with ethical clearance No. 177-KEP-UB-2024. This assay 
involved exposing Artemia salina nauplii to varying concentrations of 
the test samples to assess their toxicological impact. For each test, 10 
nauplii were introduced into individual sample solutions prepared at 
different concentrations. The samples were incubated for 24 hours, and 
the survival of nauplii was subsequently monitored. Nauplii were clas
sified as dead if they exhibited no active forward motion during a 30-sec
ond observation period under controlled conditions. The numbers of 
surviving and deceased nauplii in each sample were recorded, and the 
percentage mortality was determined using the Equation 2: 

%Mortality =
Number of dead nauplii

Total nauplii(dead + alive)
× 100 (2) 

The mortality data were analyzed to calculate the LC50 value, defined 
as the concentration of the test sample required to induce 50 % 

mortality in the nauplii population. The LC50 value served as a critical 
parameter for assessing the relative toxicity of each sample, enabling a 
quantitative comparison of toxicity levels between AgNPs and AgNPs-Ch 
composites. This analysis provided valuable insights into the biocom
patibility and potential environmental impact of the synthesized 
nanomaterials.

3. Result and discussions

3.1. Synthesis of AgNPs

The synthesis of AgNPs using honey as a bioreducing agent repre
sents a green and eco-friendly approach, leveraging the natural com
ponents of honey to reduce silver ions (Ag⁺) from silver nitrate (AgNO₃) 
to elemental silver (Ag⁰). Honey, rich in organic compounds such as 
reducing sugars (glucose and fructose), plays a dual role as both a 
reducing agent and a natural stabilizer. The reduction of silver ions is 
initiated through the oxidation of aldehyde groups in reducing sugars, 
where electrons are donated to Ag⁺, transforming it into elemental silver 
(Ag⁰). This reduction process can be accelerated by exposure to heat or 
sunlight, which acts as an energy source to facilitate the reaction. For 
instance, glucose in honey undergoes oxidation to form gluconic acid, 
while Ag⁺ ions are reduced to Ag⁰, initiating the nucleation of silver 
nanoparticle seeds.

The mechanism underlying AgNPs formation involves the crucial 
participation of reducing sugars, such as glucose and fructose, which 
play a central role in the reduction process (Fig. 1). The chemical 
structure of these sugars contains reactive functional groups—hydroxyl 
(-OH) and aldehyde (-CHO) in glucose, and ketone in fructose—prone to 
oxidation. These groups interact with silver ions, reducing Ag⁺ to Ag⁰. In 
the early stages, the aldehyde groups in glucose and the ketone groups in 
fructose are oxidized, forming carboxyl groups while Ag⁺ ions are 
reduced to silver atoms (Ag⁰). This reduction initiates the formation of 
small silver nanoparticle seeds, a critical step known as nucleation.

During nucleation, individual Ag⁰ atoms aggregate to form small 
clusters or nuclei, which serve as the initial seeds for further particle 
growth. This stage is crucial for achieving uniform nanoparticle size 
distribution. Following nucleation, the growth phase begins, where 
these nuclei coalesce into larger nanoparticles. The size and morphology 
of the resulting nanoparticles are strongly influenced by various reaction 
parameters, such as temperature, reactant concentration, and reaction 
time. Typically, the resulting AgNPs are spherical or near-spherical in 
shape, although other morphologies may arise depending on the specific 
reaction conditions.

The stabilization of AgNPs is achieved through the presence of 
organic compounds in honey, such as phenolic acids and flavonoids, 
which adsorb onto the nanoparticle surface. This adsorption forms a 
protective layer, preventing further growth and aggregation while 
ensuring long-term stability in solution. This step is essential for main
taining nanoparticle dispersion and preserving their functionality. 
Beyond serving as reducing agents, the organic constituents in honey 
also play a vital role in stabilizing the nanoparticles.

Biosynthesis of AgNPs using honey provides a straightforward, sus
tainable, and economical method to produce silver nanoparticles. The 
reducing sugars in honey drive the conversion of Ag⁺ ions to Ag⁰, while 
its bioactive compounds stabilize the resulting nanoparticles. This green 
approach aligns with sustainable chemistry principles and offers 
considerable potential in biomedical applications, including as anti
bacterial agents, antioxidants, and anticancer therapies. Moreover, by 
adjusting reaction parameters, the size and morphology of AgNPs can be 
precisely controlled, enabling the creation of nanoparticles with tailored 
properties for specific applications.

Honey’s natural composition, rich in reducing sugars, phenolic 
compounds, and antioxidants, presents significant advantages over 
other bioreductors. It simplifies the synthesis process by eliminating the 
need for complex extraction steps, as it can be directly mixed into the 
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reaction solution. This straightforward preparation not only reduces 
time and costs but also preserves its bioactive components, supporting a 
more sustainable and efficient synthesis method.

3.2. Optimizations of AgNPs synthesis

The UV-Vis spectra presented in both panels illustrate the formation 
of AgNPs reduced by Cottonwood honey (AgNPs Cottonwood) and 
Rambutan honey (AgNPs Rambutan), respectively, under varying sun
light exposure times (Fig. 2). The absorption peaks observed in these 
spectra offer critical insights into the optimization of exposure duration 
and wavelength for efficient AgNPs synthesis, a process primarily driven 
by the surface plasmon resonance (SPR) phenomenon. SPR peaks, which 
typically occur between 400 and 450 nm for AgNPs, are indicative of the 
collective oscillation of conduction band electrons in response to light, 
reflecting the size, shape, and concentration of the nanoparticles.

In the spectra derived from AgNPs Cottonwood (Fig. 2a), an 
observable increase in absorbance occurs as the sunlight exposure time 
is extended from 5 to 20 minutes. The SPR peak appears consistently 
around 420–450 nm, with the highest absorbance recorded at 
20 minutes of exposure. This progressive increase in absorbance in
tensity indicates a time-dependent enhancement in the quantity of 

AgNPs formed. The distinct change in solution color from yellow to deep 
red further corroborates this finding, as it signifies the transition from 
smaller AgNPs to larger and more concentrated nanoparticle formations. 
Therefore, a 20-minute exposure duration emerges as the optimal con
dition for maximizing nanoparticle yield and size based on the peak SPR 
intensity. The formation of nanoparticles with greater absorbance re
flects a higher concentration of colloidal AgNPs in the solution, which is 
driven by the extended exposure time allowing more complete reduction 
of silver ions (Ag⁺) to elemental silver (Ag⁰).

For AgNPs Rambutan (Fig. 2b), a similar trend is observed, with 
increasing sunlight exposure time leading to a gradual enhancement in 
absorbance intensity at the SPR peak (~420 nm). However, it is 
important to note that the overall absorbance values for Rambutan 
honey are lower compared to Cottonwood honey, even at the maximum 
exposure time of 20 minutes. This suggests that while Rambutan honey 
is capable of reducing Ag⁺ to Ag⁰, it may do so less efficiently than 
Cottonwood honey, potentially due to differences in the composition of 
reducing sugars, phenolic compounds, or other organic constituents. 
The relatively lower absorbance intensities imply that fewer AgNPs are 
formed, or that the nanoparticles are smaller in size or lower in con
centration. Nevertheless, the observed color change in the Rambutan 
honey solutions (from yellow to red) confirms the successful synthesis of 

Fig. 1. Mechanism of AgNPs Formation by Honey Bioreductor.

Fig. 2. The effect of sunlight exposure duration on the synthesis of AgNPs Cottonwood (a), and AgNPs Rambutan (b).
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AgNPs, albeit at a slower or less efficient rate than with Cottonwood 
honey.

The effect of sunlight exposure time is the gradual increase in 
absorbance with time indicates that prolonged sunlight exposure not 
only accelerates the reduction process but also promotes nanoparticle 
growth through the coalescence of smaller Ag⁰ nuclei. While extended 
exposure generally favors the formation of larger or more concentrated 
nanoparticles, it is essential to optimize this duration to prevent exces
sive particle growth or aggregation, which could diminish the functional 
properties of the AgNPs. The results suggest that while both honeys can 
be used for green synthesis, Cottonwood honey offers greater potential 
for producing AgNPs with higher yields and possibly more favorable size 
distributions due to its higher reducing power.

The UV-Vis spectra for both Cottonwood and Rambutan honey 
demonstrate that sunlight exposure significantly influences the forma
tion and characteristics of AgNPs. A 20-minute exposure duration is 
optimal for achieving maximal nanoparticle formation in both cases, 
with Cottonwood honey showing superior performance in terms of 
AgNPs yield and concentration. This difference underscores the impor
tance of selecting an appropriate bioreductant based on its inherent 
reducing capacity and composition. Despite the 20-minute sunlight 
exposure producing a darker AgNPs solution, indicating larger particle 
sizes due to extended growth and aggregation, it also reflects a higher 
concentration and more substantial formation of AgNPs. However, the 
antibacterial activity tends to decrease when nanoparticle sizes are 
larger or aggregated. Larger particles reduce the surface area available 
for interaction with bacterial cells, thereby diminishing the overall 
effectiveness of the AgNPs. Therefore, for future optimizations, a 10- 
minute exposure duration is preferable, as it results in a more stable 
AgNPs product with smaller particle sizes, enhancing its antibacterial 
activity while maintaining adequate nanoparticle formation.

Based on the UV-Vis spectra, the results depicted in Fig. 3a, which 
illustrates the reduction of AgNPs using Cottonwood honey, show that 
an AgNO₃ precursor concentration of 0.05 M yields optimal results. This 
is evidenced by the higher absorbance intensity compared to concen
trations of 0.025 M and 0.1 M, as well as a distinct and well-defined 
localized surface plasmon resonance (LSPR) peak around 400–450 nm. 
The 0.05 M concentration strikes a balance between the sufficient 
availability of Ag⁺ ions for reduction into AgNPs and the reducing ac
tivity of the bioactive compounds in randu honey. At the 0.025 M con
centration, the limited availability of Ag⁺ ions results in a relatively 
smaller quantity of AgNPs, as reflected by lower absorbance. On the 

other hand, at 0.1 M, although the Ag⁺ concentration increases, the 
reducing compounds in randu honey may be less effective in stabilizing 
the nanoparticles due to aggregation or the formation of excessively 
large particles, leading to no significant increase in absorbance intensity.

In contrast, Fig. 3b representing the reduction of AgNPs using 
rambutan honey, indicates that the concentration of AgNO₃ does not 
have a significant impact on either the absorbance intensity or the po
sition of the LSPR peak. This suggests that the bioactive compounds in 
rambutan honey, such as flavonoids, phenolics, or enzymes, may exhibit 
lower reducing and stabilizing capacities compared to randu honey. As a 
result, regardless of the AgNO₃ concentration, the amount of nano
particles formed remains relatively uniform, and the LSPR peak is 
consistently positioned in a similar region.

Therefore, the results demonstrate that Cottonwood honey is more 
sensitive to variations in AgNO₃ precursor concentration, with an 
optimal concentration at 0.05 M, whereas rambutan honey shows more 
stable performance and is less affected by changes in AgNO₃ 
concentration.

The UV-Vis spectra presented illustrate the influence of honey con
centration on the formation of AgNPs Cottonwood (Fig. 4a) and AgNPs 
Rambutan (Fig. 4b). The characteristic surface plasmon resonance (SPR) 
peak of AgNPs is observed within the wavelength range of 400–450 nm, 
confirming successful nanoparticle formation. In both cases, increasing 
the honey concentration from 0.75 % to 3 % results in a pronounced 
enhancement in SPR peak intensity. This trend indicates that higher 
honey concentrations facilitate more efficient reduction of silver ions 
(Ag⁺) to AgNPs. The bioactive compounds in honey, including flavo
noids, phenolics, and enzymes, act as reducing and stabilizing agents. A 
higher honey concentration provides an increased abundance of these 
active molecules, enabling the formation of a larger quantity of nano
particles or nanoparticles with more uniform sizes, as evidenced by the 
elevated SPR intensity.

Comparatively, the spectra reveal that cottonwood honey (Fig. 4a) 
generates higher SPR intensities than rambutan honey (Fig. 4b) at 
equivalent concentrations. This suggests that cottonwood honey con
tains a greater concentration or higher efficiency of bioactive com
pounds in reducing silver ions and stabilizing the resulting 
nanoparticles. Additionally, the variation in solution color with 
increasing honey concentration further supports differences in nano
particle size, distribution, and concentration. These variations are likely 
due to the distinct chemical compositions inherent to each honey type.

Overall, increasing honey concentration enhances the efficiency of 

Fig. 3. The effect of AgNO3 Concentration on the synthesis of of AgNPs Cottonwood (a), and AgNPs Rambutan (b).
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Fig. 4. The effect of Honey Concentration on the synthesis of of AgNPs Cottonwood (a), and AgNPs Rambutan (b).

Fig. 5. The effect of wavelength exposure on the synthesis of AgNPs Cottonwood: (a) Measurement of filter wavelengths using a spectrometer alongside images of 
synthesized AgNP colloids; (b) UV-Vis spectra of AgNPs synthesized under various wavelength exposures; and (c) Linear regression showing the relationship between 
exposure wavelength and UV-Vis absorbance of synthesized AgNPs.
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AgNPs formation, with cottonwood honey demonstrating superior 
reducing capabilities compared to rambutan honey. These findings un
derscore the direct correlation between the concentration of natural 
reducing agents in honey and the synthesis efficiency of AgNPs, as 
clearly reflected in the UV-Vis spectral profiles.

The optimization of wavelength exposure aimed to determine the 
most impactful wavelength of sunlight on the reduction of silver ions 
(Ag⁺) to AgNPs using cottonwood honey. The UV-Vis spectra reveal that 
exposure to yellow light (570 nm) produces a significantly higher 
absorbance spike compared to other wavelengths (purple, blue, green, 
and red). This result highlights the unique role of yellow light in opti
mizing the photoreduction process.

The pronounced effect of yellow light can be attributed to its optimal 
photon energy, which efficiently drives the photochemical reduction of 
Ag⁺ without degrading the active compounds in honey. Phenolics, fla
vonoids, and enzymes present in cottonwood honey act as reducing and 
stabilizing agents. Under yellow light exposure, these bioactive com
pounds absorb sufficient photon energy to facilitate effective electron 
transfer from the reducing molecules to Ag⁺, promoting the rapid for
mation of AgNPs. This wavelength likely matches the peak absorption of 
specific bioactive components, enhancing their reactivity and acceler
ating nanoparticle synthesis.

Conversely, shorter wavelengths such as purple or blue deliver 
higher photon energies, which may lead to the photodegradation of 
honey’s bioactive molecules, diminishing their reducing efficiency. 
Meanwhile, longer wavelengths such as red possess insufficient photon 
energy to initiate the reduction reaction effectively. Yellow light pro
vides a balance, delivering adequate energy for efficient reduction while 
preserving the structural integrity and functionality of honey’s active 
compounds.

Additionally, yellow light’s position in the central region of the 
visible spectrum ensures better penetration into the solution, increasing 
the interaction between light and bioactive molecules. This enhanced 
interaction likely contributes to the observed higher absorbance, indi
cating a higher concentration or improved quality of the AgNPs pro
duced under yellow light.

Yellow light demonstrates the most significant impact on the for
mation of AgNPs due to its optimal photon energy, efficient electron 
transfer facilitation, and minimal degradation of reducing agents. These 
findings emphasize the critical role of wavelength selection in sunlight- 

driven photoreduction processes and nanoparticle synthesis.
The morphological analysis using TEM revealed that Cottonwood 

AgNPs (Fig. 6) exhibit a variable particle size distribution within the 
nanometer range. The TEM images depict nearly spherical nanoparticles 
with minimal aggregation, indicating good stability in the dispersion 
medium. The scale bar in the TEM image confirms that particle sizes 
range from 2 to 22 nm, with a predominant distribution between 6 and 
12 nm. Size distribution analysis based on the histogram indicates an 
average particle size of 9.01 nm.

Further statistical analysis of the particle size distribution using a 
lognormal model yielded an R-square (R²) value of 0.925. This R² value 
represents the goodness of fit of the lognormal model to the size distri
bution data obtained from TEM. In this context, an R² value close to 1 
suggests that the lognormal model accurately describes the particle size 
distribution of AgNPs. The lognormal distribution is commonly 
employed in nanoparticle size analysis, as nucleation and growth pro
cesses typically follow this pattern, where most particles fall within a 
specific size range, while a smaller fraction exhibits larger sizes due to 
secondary growth mechanisms or coalescence. The high R² value of 
0.925 confirms that the size distribution of AgNPs synthesized using 
Cottonwood honey follows a lognormal pattern with strong statistical 
reliability. This finding underscores the effectiveness of the synthesis 
process in achieving a well-controlled particle size distribution, which is 
crucial for applications in biomedicine, catalysis, and functional 
materials.

The selection of bioreducing agents in the synthesis of AgNPs is a 
pivotal factor dictating their size, morphology, and subsequent biolog
ical functionalities. As illustrated in Table 2, different bioreducing 

Fig. 6. TEM result (left) and particle distribution calculation (right) of AgNPs Cottonwood.

Table 2 
Studies on the AgNPs size with different bioreductor.

Bioreductor Particle Size (nm) Ref

Cottonwood Honey 9.01 This work
Acalypha indica Linn 2.5–14.5 [16]
Aloe vera 18.5 [49]
Syzygium polyanthum 27.69 [50]
Arthrospira platensis 58.68 [51]
Lactobacillus salivarius 79.47 [52]
Heracleum persicum 4–46 [53]
Ziziphora clinopodioides 17–36 [54]
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agents yield AgNPs with markedly distinct size distributions, empha
sizing the critical role of biomolecular composition in nanoparticle 
formation. Cottonwood honey facilitated the synthesis of the smallest 
AgNPs (9.01 nm), whereas Lactobacillus salivarius led to the formation of 
significantly larger nanoparticles (79.47 nm). This variation can be 
attributed to the differential presence of polyphenols, flavonoids, pro
teins, and polysaccharides in each bioreductant, which govern the 
reduction kinetics of Ag⁺ ions and the stabilization of the resulting 
nanoparticles [45].

The reduction and stabilization mechanisms of AgNPs are intrinsi
cally linked to the functional groups present within the bioreducing 
extract. Polyphenolic and flavonoid-rich sources such as Acalypha indica 
Linn (2.5–14.5 nm) and Aloe vera (18.5 nm) serve as potent reducing 
agents, enabling rapid nucleation and yielding smaller, more stable 
nanoparticles. Conversely, protein- and polysaccharide-rich 

bioreductants such as Lactobacillus salivarius and Arthrospira platensis 
generate larger nanoparticles due to steric hindrance effects, which slow 
the nucleation phase and favor particle growth.

The size of AgNPs directly dictates their biological reactivity, 
particularly in antioxidant, antibacterial, and cytotoxic applications. 
Smaller AgNPs possess a higher surface area-to-volume ratio, enhancing 
their interaction with biological targets and facilitating Ag⁺ ion release, a 
key determinant of their bioactivity. AgNPs with a diameter below 
20 nm exhibit superior antibacterial properties due to their ability to 
penetrate bacterial cell membranes efficiently, inducing oxidative stress 
and membrane disruption [11].

In antioxidant applications, the enhanced surface reactivity of 
smaller AgNPs allows for more effective scavenging of reactive oxygen 
species (ROS) and radical stabilization through electron donation [46]. 
The AgNPs synthesized using Acalypha indica Linn and Cottonwood 

Fig. 7. Conversion of low molecular weight chitosan into oligochitosan via depolymerization and deacetylation reactions, and the interaction of oligochitosan with 
the AgNPs surface.
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honey, which exhibit sub-15 nm dimensions, are expected to demon
strate higher antioxidant potential than their larger counterparts syn
thesized using Lactobacillus salivarius or Arthrospira platensis. This effect 
is further amplified by the retention of biomolecular capping agents on 
the nanoparticle surface, which provide additional electron-donating 
capacity.

Furthermore, nanoparticle size critically influences cellular uptake 
and therapeutic efficacy. Smaller AgNPs undergo endocytosis more 
efficiently, leading to enhanced intracellular accumulation and poten
tiated cytotoxicity against cancer cells [47,48]. This size-dependent 
behavior underscores the necessity of precise control over AgNPs syn
thesis to optimize their selectivity and therapeutic performance in 
biomedical applications.

Collectively, these findings highlight the profound influence of bio
reducing agents not only on the physicochemical characteristics of 
AgNPs but also on their functional performance in biomedical applica
tions. A deeper understanding of the structure-function relationship 
between bioreducing agent composition, particle size, and biological 
activity will be instrumental in advancing the development of AgNPs for 
pharmaceutical and nanomedicine applications.

3.3. Coating AgNPs with oligochitosan

In this study, the synthesized AgNPs were coated with modified 
chitosan. This modification involved transforming low molecular weight 
chitosan into water-soluble chitosan, known as oligochitosan. The 
mechanism illustrates (Fig. 7) the depolymerization of low molecular 
weight chitosan into oligochitosan through a reaction with hydrogen 
peroxide (H₂O₂), followed by deacetylation using sodium hydroxide 
(NaOH). The depolymerization step involves the cleavage of glycosidic 
bonds within the chitosan structure, facilitated by the oxidative action of 
H₂O₂, resulting in shorter oligosaccharide chains known as oligochito
san. Subsequently, the deacetylation process removes acetyl groups 
from the chitosan backbone, increasing the number of free amino 
groups, which enhances solubility in water and reactivity. The final 
product, oligochitosan, is a water-soluble, simplified form of chitosan 
that is particularly suited for advanced applications such as coating 
AgNPs.

Coating AgNPs with chitosan, especially oligochitosan, provides 
several advantages in terms of stability, biological efficacy, and 
biocompatibility. Firstly, the chitosan coating enhances the colloidal 
stability of AgNPs by preventing aggregation through steric and elec
trostatic stabilization mechanisms. The free amino groups in chitosan 
can form coordination bonds with the silver nanoparticle surface, 
creating a robust protective layer that maintains nanoparticle dispersion 
and prevents clustering. Secondly, chitosan contributes to improved 
biological functionality of AgNPs. Known for its inherent antimicrobial 
and antioxidant properties, chitosan synergistically amplifies the 
bioactivity of AgNPs. The amino and hydroxyl groups in chitosan act as 
scavengers for reactive oxygen species, enhancing the antioxidant ca
pabilities of the coated nanoparticles, which are valuable for applica
tions in pharmaceuticals and healthcare.

Moreover, the chitosan coating significantly reduces the totoxicity 
commonly associated with uncoated AgNPs. Free silver ions (Ag⁺) 
released from uncoated nanoparticles are a major source of toxicity in 
biological systems. The chitosan layer serves as a diffusion barrier, 
controlling the release of silver ions and mitigating adverse effects on 
healthy cells. This improved biocompatibility broadens the potential of 
chitosan-coated AgNPs for safe and effective use in medical and 
biotechnological applications.

The UV-Vis spectra (Fig. 8) presented indicate distinct absorption 
peaks for each sample, reflecting the unique characteristics of AgNPs 
influenced by chitosan coating and the type of honey used as a reducing 
agent. These absorption peaks are typically associated with localized 
surface plasmon resonance (LSPR), a hallmark of metallic nanoparticles 
such as AgNPs.

The spectrum of oligochitosan-coated AgNPs with Cottonwood 
honey bioreductor (AgNPs-Ch Cottonwood) closely resembles that of 
oligochitosan, characterized by the absence of the distinctive LSPR peak 
at 420 nm. This absence indicates that the AgNPs have been effectively 
encapsulated within the oligochitosan matrix, with the observed ab
sorption predominantly reflecting oligochitosan properties. This sug
gests that chitosan coating on AgNPs reduced with cottonwood honey 
facilitates a stronger interaction between the nanoparticle surface and 
the chitosan layer. Consequently, the encapsulation process is more 
efficient, resulting in a stable electron distribution at the nanoparticle 
surface that aligns with the intrinsic characteristics of oligochitosan.

In contrast, the spectrum of oligochitosan-coated AgNPs with 
Rambutan honey bioreductor (AgNPs-Ch Rambutan) displays a broader 
absorption peak with lower intensity, diverging significantly from the 
oligochitosan spectrum. This indicates less optimal chitosan coating for 
AgNPs reduced using rambutan honey, likely due to differences in the 
chemical composition of the two types of honey. The higher phenolic, 
flavonoid, and reducing sugar content in cottonwood honey may 
enhance the reduction process and improve compatibility with chitosan, 
enabling more uniform coating.

These findings underscore the critical role of the reducing agent in 
tailoring nanoparticle properties and achieving efficient chitosan 
encapsulation. AgNPs-Ch Cottonwood, with its well-defined oligochi
tosan-like spectrum, demonstrates superior coating uniformity and sta
bility, highlighting its potential for applications requiring consistent and 
well-encapsulated nanomaterials.

The FTIR spectra (Fig. 9) provide a comprehensive understanding of 
the molecular interactions occurring during the synthesis of AgNPs 
using honey as a bioreductor and the subsequent capping process with 
oligochitosan. The broad absorption peaks observed in the 
3000–3500 cm⁻¹ region, corresponding to O-H stretching vibrations, are 
indicative of hydroxyl groups present in the honey, AgNPs, and AgNPs- 
Chitosan samples. These functional groups originate from phenolic 
compounds, flavonoids, proteins, and sugars such as glucose and fruc
tose, which serve as primary reducing agents in the synthesis of AgNPs. 
Additionally, N-H stretching vibrations from the amino groups in oli
gochitosan are evident, confirming their critical role in stabilizing the 
nanoparticles. This region demonstrates the importance of both the 
reducing and capping agents in the synthesis process.

Low-intensity bands around 2930 cm⁻¹ , associated with C-H 
stretching vibrations, are present in the honey, AgNPs, and AgNPs- 
Chitosan samples, further confirming the involvement of organic com
pounds from honey in nanoparticle stabilization. Notably, significant 
changes in the 1640–1730 cm⁻¹ range, corresponding to C––O stretching 

Fig. 8. The UV–vis spectra of AgNPs, Oligochitosan and oligochitosan- 
coated AgNPs.
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vibrations of aldehydes and ketones in glucose and fructose, highlight 
the chemical modifications during AgNPs formation. In honey samples, 
these groups exhibit strong absorption peaks, which shift and decrease 
in intensity in the AgNPs spectra, indicating electron donation from 
carbonyl groups as a key mechanism in AgNPs reduction. For AgNPs 
Cottonwood, the emergence of overlapping peaks around 1639 cm⁻¹ and 
1730 cm⁻¹ suggests strong interactions between carbonyl groups and the 
AgNPs surface.

The amine groups of oligochitosan play a pivotal role in the capping 
process, as evidenced by significant intensity reductions in the 
1560–1570 cm⁻¹ range for the AgNPs-Chitosan samples compared to 
oligochitosan alone. This interaction is particularly pronounced for 
AgNPs-Ch Cottonwood, indicating a robust interaction between the 
amino groups of oligochitosan and the nanoparticle surface. This finding 
underscores the enhanced compatibility of cottonwood honey as a 
reducing agent in facilitating stable capping. Furthermore, absorption 
bands in the 1390–1405 cm⁻¹ range, attributed to C-O-C stretching vi
brations in cyclic structures, are evident in both oligochitosan and 
AgNPs-Chitosan samples, confirming the integration of chitosan in the 
nanoparticle structure.

Unique peaks in the 1300–1310 cm⁻¹ region, observed only in the 
AgNPs spectra, correspond to C-O or C-H vibrations, indicating the 
presence of organic stabilizers from honey on the nanoparticle surface. 
These organic components play a crucial role in preventing nanoparticle 
aggregation and enhancing stability. Additionally, the region between 
1000 and 1050 cm⁻¹ reveals peaks associated with hydroxyl (-OH) and 
C-O stretching vibrations, likely derived from sugars or polysaccharides 
in honey, further contributing to nanoparticle formation and stability.

Comparative analysis highlights the superior performance of 
cottonwood honey in both nanoparticle synthesis and capping. AgNPs 
synthesized with cottonwood honey exhibit stronger interactions, as 
reflected by more pronounced shifts and intensity changes in key FTIR 
regions. This can be attributed to the higher phenolic and flavonoid 
content in cottonwood honey, which enhances the reduction process and 
promotes better compatibility with oligochitosan. In contrast, AgNPs 
synthesized with rambutan honey display weaker interactions, with less 
significant changes in FTIR peak intensities and shifts, suggesting a less 
efficient reduction process and weaker capping interactions.

The physicochemical properties (Table 3) of the synthesized AgNPs 
and chitosan-coated AgNPs (AgNPs-Ch) provide crucial insights into 
their colloidal stability, size distribution, and potential biomedical ap
plications. The zeta potential, polydispersity index (PI), and 

hydrodynamic size (Z-average) serve as fundamental indicators of 
dispersion stability and aggregation tendencies.

Zeta potential plays a critical role in determining the stability of 
colloidal nanoparticles by reflecting the magnitude of electrostatic 
repulsion between particles. In general, nanoparticles with zeta poten
tial exceeding ± 30 mV exhibit strong repulsive forces that prevent ag
gregation, while values close to zero indicate a propensity for particle 
agglomeration.

For the uncoated AgNPs, the zeta potential was measured at 
− 0.99 mV (AgNPs Cottonwood) and − 0.11 mV (AgNPs Rambutan), 
suggesting weak electrostatic stabilization. The negative surface charge 
can be attributed to the presence of biomolecules from honey acting as 
capping agents, though their charge density appears insufficient to 
impart robust stability. Upon modification with chitosan, the zeta po
tential significantly shifted to + 5.24 mV (AgNPs-Ch Cottonwood) and 
+ 5.49 mV (AgNPs-Ch Rambutan). This positive shift is expected, given 
that chitosan contains protonated amine groups at acidic pH, which 
enhance the surface charge of nanoparticles. However, the observed 
values remain well below the ± 30 mV threshold for electrostatic sta
bility, indicating that steric hindrance rather than electrostatic repulsion 
may be the primary stabilization mechanism in AgNPs-Ch.

The wall zeta potential values, which describe the electrical potential 
at the nanoparticle-liquid interface, further reinforce this observation. 
The negative values for AgNPs (-3.61 mV for AgNPs Cottonwood and 
− 0.52 mV for AgNPs Rambutan) suggest weak surface charge stabili
zation. After chitosan coating (AgNPs-Ch), these values shift closer to 
zero (-0.44 mV and − 0.48 mV), implying reduced electrostatic stabili
zation, which aligns with the increase in hydrodynamic size.

The Z-average values, representing the intensity-weighted hydro
dynamic diameter, provide critical insights into nanoparticle size and 
dispersion. The uncoated AgNPs exhibit small, well-dispersed sizes of 
44.16 nm (AgNPs Cottonwood) and 45.00 nm (AgNPs Rambutan), 
indicating precise control over nucleation and growth during 
biosynthesis.

Upon modification with oligochitosan, the hydrodynamic diameter 
increases significantly to 454.81 nm (AgNPs Cottonwood) and 
461.32 nm (AgNPs Rambutan). This substantial increase does not indi
cate nanoparticle aggregation but rather results from the oligochitosan 
layer enveloping the AgNPs. Oligochitosan, as a hydrophilic polymer, 
forms a hydrated shell around the nanoparticles, contributing to the 
larger hydrodynamic size measured by Dynamic Light Scattering (DLS). 
This phenomenon is commonly observed in polymer-coated nano
particles, where the hydration layer significantly influences the detected 
particle size.

It is crucial to emphasize that while the hydrodynamic size increases, 
colloidal stability is primarily dictated by the zeta potential rather than 
particle diameter alone. The shift toward a more positive zeta potential 
following oligochitosan modification indicates enhanced electrostatic 
interactions due to the protonated amine groups on the polymer. 
Therefore, the observed increase in Z-average is not a consequence of 
aggregation but rather an expected outcome of successful oligochitosan 
coating on AgNPs.

The polydispersity index (PI) is a crucial parameter in nanoparticle 

Fig. 9. The FTIR spectra of Cottonwood honey (a); Rambutan honey (b); AgNPs 
Cottonwood (c); AgNPs Rambutan (d); Oligochitosan (e); AgNPs-Ch Cotton
wood (f); and AgNPs-Ch Rambutan (g).

Table 3 
Zeta potential and colloidal stability of AgNPs and AgNPs-Ch.

Parameter Cottonwood Honey 
Bioreductor

Rambutan Honey 
Bioreductor

AgNPs AgNPs-Ch AgNPs AgNPs-Ch

Z-Average (nm) 44.16 454.81 45.00 461.32
Polydispersity Index (PI) 0.36 0.37 0.33 0.33
Zeta Potential (mV) − 0.99 5.24 − 0.11 5.49
Conductivity (mS/cm) 1.01 1.33 0.71 1.33
Wall Zeta Potential (mV) − 3.61 − 0.44 − 0.52 − 0.48
Quality Factor 1.02 1.69 0.38 1.09
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characterization, representing the size distribution uniformity. Typi
cally, PI values below 0.3 indicate monodisperse systems, while values 
above 0.3 suggest moderate to high heterogeneity in particle size dis
tribution. The PI values of AgNPs Cottonwood and AgNPs Rambutan 
were 0.36 and 0.33, respectively, indicating a moderately broad size 
distribution. After chitosan modification, PI values remained relatively 
unchanged (0.37 for AgNPs-Ch Cottonwood and 0.33 for AgNPs-Ch 
Rambutan), signifying that while the mean particle size increased 
significantly, the overall distribution range did not broaden drastically.

Conductivity measurements provide additional insights into the 
ionic environment of the nanoparticle dispersions. The uncoated AgNPs 
exhibit moderate conductivity (1.01 mS/cm for AgNPs Cottonwood and 
0.71 mS/cm for AgNPs Rambutan), which may arise from the presence 
of ionic species in the honey matrix. Interestingly, the conductivity in
creases after chitosan modification (1.33 mS/cm for both samples), 
suggesting enhanced ionic interactions, possibly due to the presence of 
protonated amine groups from chitosan, which contribute to the overall 
ionic strength of the dispersion.

The quality factor, which combines multiple stability indicators, 
further supports the observed aggregation trends. The initial AgNPs 
exhibited relatively stable values (1.02 for AgNPs Cottonwood and 0.38 
for AgNPs Rambutan), whereas after chitosan coating, the quality factor 
increased to 1.69 for AgNPs-Ch Cottonwood but also increased for 
AgNPs-Ch rambutan (1.09). The higher quality factor in AgNPs-Ch 
suggests a shift in stability mechanisms, where steric stabilization 
dominates over electrostatic forces.

Optimization analysis based on UV-Vis, FTIR and PSA-DLS revealed 
that AgNPs synthesized using Cottonwood honey exhibited superior 
characteristics and enhanced stability, particularly during the coating 
process with oligochitosan. Consequently, further characterization using 
XRD and FESEM-EDX was exclusively conducted on AgNPs Cottonwood 
and AgNPs-Ch Cottonwood samples to gain deeper insights into the 
structural and morphological properties of AgNPs following oligochi
tosan coating.

The crystalline structure of AgNPs was investigated using XRD, as 
illustrated in the diffractogram (Fig. 10). The XRD pattern of AgNPs 
synthesized using cottonwood honey exhibits distinct peaks at 2θ angles 
of 37.79◦, 44.03◦, 64.28◦, 77.08◦, and 81.47◦. These peaks align well 
with the standard reference for silver nanoparticles (JCPDS card No. 
04–0783), corresponding to the (111), (200), (220), (311), and (222) 
planes of the face-centered cubic (FCC) structure of metallic silver. The 
intense peak at 37.84◦, attributed to the (111) plane, represents the 
preferred orientation of the AgNP crystals, further confirming the 

formation of crystalline AgNPs. This pattern highlights the effectiveness 
of cottonwood honey as a bioreductant in facilitating the synthesis of 
high-purity AgNPs.

The crystallite size of the AgNPs was estimated using the Debye- 
Scherrer equation, focusing on the most intense peak at 2θ = 37.79◦. 
This peak was selected for its sharpness and high intensity, which 
minimizes the influence of background noise and other secondary 
phases. With a full width at half maximum (FWHM) of 0.1673◦, the 
average crystallite size of the AgNPs was calculated to be approximately 
51.20 nm. This nanoscale size underscores the potential of the green 
synthesis approach using cottonwood honey in producing well-defined 
nanoparticles with controlled size and morphology.

The XRD pattern of oligochitosan exhibits its most intense peak at 2θ 
= 36.11◦, followed by additional prominent peaks at 26.88◦, 17.87◦, 
and 30.15◦. These diffraction peaks indicate the semicrystalline nature 
of oligochitosan, with a significant contribution from crystalline regions, 
particularly at 2θ = 36.11◦. This pattern reflects a degree of structural 
order within the polymer chains of oligochitosan, suggesting the pres
ence of well-defined crystalline domains interspersed with amorphous 
regions.

Interestingly, the XRD pattern of the AgNPs-Ch Cottonwood com
posite demonstrates significant overlap with the pattern of pure oli
gochitosan, indicating that the AgNPs are well incorporated into the 
oligochitosan matrix. While the characteristic peaks of AgNPs (e.g., at 2θ 
= 37.79◦, 44.03◦, 64.28◦, and 77.08◦) are still present, their intensities 
are significantly diminished compared to those observed for standalone 
AgNPs. This suggests that the AgNPs are effectively embedded within 
the oligochitosan matrix, leading to a reduction in peak sharpness and 
intensity due to the interaction between the nanoparticle surface and the 
oligochitosan chains.

The diminished intensity of the AgNPs peaks in the composite 
highlights the robust encapsulation of the nanoparticles by the oli
gochitosan matrix, which may contribute to enhanced stability and 
reduced aggregation of the AgNPs. This interaction is further supported 
by the semi-crystalline nature of the composite, which is dominated by 
the oligochitosan matrix but retains the structural characteristics of 
AgNPs. Such a configuration is desirable for applications requiring sta
bilized nanoparticles with functional biopolymer coatings, such as in 
biomedical and antimicrobial fields. The results underscore the syner
gistic effect of cottonwood honey and oligochitosan in producing 
nanocomposites with favorable physicochemical properties.

The Field Emission Scanning Electron Microscopy-Energy Dispersive 
X-ray Spectroscopy (FESEM-EDX) analysis of oligochitosan (Fig. 11) 
reveals a highly heterogeneous surface morphology characterized by an 
irregular, porous structure, as observed in the FESEM image. This porous 
architecture underscores the material’s suitability for applications such 
as drug delivery or adsorption, where increased surface area plays a 
pivotal role in enhancing functionality.

The EDX spectrum identifies key elemental components, namely 
carbon (C), oxygen (O), nitrogen (N), and sodium (Na), with atomic 
percentages of 76.40 %, 22.74 %, 0.75 %, and 0.11 %, respectively. The 
dominance of carbon is consistent with the polysaccharide backbone of 
oligochitosan, predominantly composed of glucosamine units. The 
substantial presence of oxygen is attributed to hydroxyl and carbonyl 
functional groups inherent to the oligosaccharide structure. Meanwhile, 
the nitrogen content, though relatively low, originates from the amino 
groups characteristic of chitosan. The trace sodium likely stems from 
residual reagents or buffer components used during sample preparation.

In the EDX spectrum, the characteristic energy peaks are observed at 
approximately 0.277 keV (C), 0.525 keV (O), 0.392 keV (N), and 
1.041 keV (Na), with corresponding counts per second per electron volt 
(cps/eV) reflecting the relative abundance of each element. The pro
nounced intensity of the carbon peak aligns with the material’s carbon- 
rich composition.

Elemental mapping further corroborates these findings, displaying a 
uniform distribution of carbon (red) and oxygen (green) across the 

Fig. 10. The XRD pattern of AgNPs-Cottonwood, Oligochitosan, and AgNPs- 
Ch Cottonwood.
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analyzed region. Nitrogen (purple) and sodium (yellow), while present 
in minor quantities, are also evenly dispersed, indicating homogeneity 
in the chemical composition of oligochitosan. The overlay map provides 
a comprehensive visualization, affirming the uniformity of elemental 
distribution and chemical integrity throughout the material.

These results establish oligochitosan as a carbon-rich polymer with 
significant oxygen content and traces of nitrogen, reflecting its funda
mental biopolymer structure. The observed morphology and elemental 
composition are highly advantageous for biomedical and environmental 
applications, such as bioactive molecule delivery or pollutant adsorp
tion, where material stability, biocompatibility, and surface character
istics are critical determinants of performance.

The FESEM-EDX analysis of AgNPs synthesized using cottonwood 
honey (AgNPs Cottonwood) as a reducing and stabilizing agent reveals a 
well-defined nanostructure with a uniform particle size distribution. The 
FESEM micrograph illustrates (Fig. 12) nanoparticles ranging from 5 to 
35 nm in size, with an average diameter of 11.71 nm, as determined by 
ImageJ software. The narrow size distribution and small particle size 
demonstrate the effectiveness of cottonwood honey in producing stable 
and homogeneously dispersed AgNPs, critical for applications in catal
ysis, antimicrobial activity, and other nanotechnological advancements.

The EDX spectrum confirms the presence of key elements, namely 
carbon (C), oxygen (O), nitrogen (N), and silver (Ag), with atomic per
centages of 38.04 %, 15.81 %, 21.98 %, and 24.17 %, respectively. The 
high carbon content reflects the organic composition of cottonwood 
honey, rich in reducing agents such as polyphenols and sugars. Oxygen 
likely originates from hydroxyl and carbonyl groups within these 
organic compounds, playing a crucial role in reducing Ag⁺ ions to Ag⁰. 
Nitrogen may be attributed to amino groups or protein-based compo
nents in the honey, which act as stabilizing agents, further preventing 
nanoparticle aggregation. The substantial silver content (24.17 %) 
confirms the successful reduction of Ag⁺ ions and the subsequent 

formation of AgNPs.
Characteristic energy peaks in the EDX spectrum appear at 

0.277 keV (C), 0.525 keV (O), 0.392 keV (N), and 2.984 keV (Ag), with 
the silver peak exhibiting the highest cps/eV intensity. This high in
tensity corresponds to the abundance of metallic silver within the 
sample. The strong carbon and oxygen signals further support the 
presence of an organic coating derived from cottonwood honey, which 
encapsulates the AgNPs and contributes to their stability.

Elemental mapping demonstrates a homogeneous distribution of 
silver (blue), carbon (red), oxygen (green), and nitrogen (purple) across 
the analyzed area. The composite elemental map highlights the uniform 
dispersion of AgNPs without significant aggregation, underscoring the 
stabilizing effect of the organic components from cottonwood honey. 
This even distribution is essential for ensuring consistent material 
properties and enhanced functionality.

The use of cottonwood honey as a reducing and stabilizing agent 
offers several advantages, including sustainability, environmental 
friendliness, and the ability to produce nanoparticles with precise size 
control. The presence of bioactive compounds such as polyphenols in the 
honey not only facilitates the reduction process but also imparts addi
tional functional properties to the AgNPs.

The FESEM-EDX analysis of AgNPs synthesized using cottonwood 
honey as a bioreductant and coated with oligochitosan (AgNPs-Ch 
Cottonwood) reveals significant structural and elemental characteristics 
(Fig. 13). The FESEM micrograph indicates that the nanoparticles 
exhibit a size range of 30–150 nm, with an average diameter of 
87.81 nm as calculated via ImageJ software. The relatively larger par
ticle size compared to uncoated AgNPs (11.71 nm) observed in previous 
studies suggests the presence of a thick oligochitosan coating, which 
stabilizes and encapsulates the nanoparticles.

The EDX spectrum confirms the elemental composition, with atomic 
percentages of 38.78 % for carbon (C), 32.11 % for oxygen (O), 14.30 % 

Fig. 11. FESEM-EDX results of Oligochitosan: (a) SEM image at 5000 × magnification; (b) EDX spectra; and (c) EDX elemental mapping.
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for nitrogen (N), 6.94 % for silver (Ag), 5.13 % for sodium (Na), and 
2.75 % for phosphorus (P). The high carbon and oxygen content un
derscores the dominant contribution of oligochitosan as a stabilizing 
matrix. Oligochitosan, a biopolymer derived from chitosan, is known for 
its abundant hydroxyl (-OH) and amino (-NH2) functional groups, which 
likely account for the significant oxygen and nitrogen signals. The silver 
content, although lower than in uncoated AgNPs, remains indicative of 
successful nanoparticle synthesis and suggests effective encapsulation 
within the biopolymer matrix.

The characteristic energy peaks for each element are observed at 
0.277 keV (C), 0.525 keV (O), 0.392 keV (N), 1.041 keV (Na), 
2.013 keV (P), and 2.984 keV (Ag). Among these, the silver peak ex
hibits a moderate cps/eV intensity, reflecting its lower relative abun
dance compared to organic components but still confirming its core 
presence within the composite. The strong signals for carbon, oxygen, 
and nitrogen correspond to the oligochitosan coating, while the pres
ence of sodium and phosphorus can be attributed to residual compo
nents from the cottonwood honey bioreduction process or chitosan 
modification.

Elemental mapping illustrates a homogeneous distribution of Ag 
(blue), C (red), O (green), N (purple), Na (yellow), and P (orange) across 
the observed region. The uniform dispersion of silver corroborates the 
effectiveness of oligochitosan in preventing nanoparticle aggregation, 
while the co-localization of nitrogen and oxygen indicates the presence 
of functional groups from the biopolymer matrix. This uniform distri
bution highlights the synergistic interaction between AgNPs and oli
gochitosan, ensuring material stability and functionality.

The observed particle size increase and compositional changes are 
consistent with the expected effects of oligochitosan coating, which in
troduces a thick organic layer around the AgNPs. The bioreduction 
process using cottonwood honey, rich in polyphenols and reducing 
sugars, contributes to the initial formation of nanoparticles, while 

oligochitosan enhances stability through electrostatic and hydrogen 
bonding interactions. Additionally, the presence of phosphorus and so
dium, derived from honey components or oligochitosan modification, 
further supports the stability and functionalization of the composite.

These findings demonstrate the potential of AgNPs-Ch Cottonwood 
as a biocompatible and multifunctional nanomaterial. The controlled 
particle size, uniform distribution, and presence of bioactive functional 
groups make it suitable for advanced applications in biomedicine, 
antimicrobial systems, and environmental remediation. The synergistic 
effect of cottonwood honey as a bioreductant and oligochitosan as a 
stabilizer ensures both material performance and sustainability.

3.4. In vitro antioxidant activity test

The antioxidant activity of Cottonwood honey was slightly higher 
than that of Rambutan honey (Fig. 14), as indicated by their respective 
IC₅₀ values (1519.53 µg/mL for Cottonwood honey vs. 1662.09 µg/mL 
for Rambutan honey). This subtle difference can be attributed to vari
ations in the chemical composition of the two types of honey. Cotton
wood honey is likely to contain higher levels of phenolic compounds and 
flavonoids, which are well-known for their ability to neutralize free 
radicals by donating electrons or hydrogen atoms. These bioactive 
compounds contribute significantly to the overall antioxidant capacity 
of honey.

The profile of reducing sugars, such as glucose and fructose, also 
plays a role in the antioxidant activity of honey. These sugars can 
interact with reactive oxygen species (ROS) and reduce their reactivity, 
albeit less effectively than phenolic compounds. The superior antioxi
dant performance of Cottonwood honey might also be influenced by its 
botanical origin, which provides a broader diversity of bioactive com
pounds compared to Rambutan honey. Furthermore, variations in 
physicochemical properties such as pH and water activity (Aw) could 

Fig. 12. FESEM-EDX result of AgNPs Cottonwood: (a) SEM image at 50,000 × magnification; (b) EDX spectra; and (c) EDX elemental mapping.
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affect antioxidant activity. Cottonwood honey, if possessing a slightly 
lower pH, might stabilize its bioactive compounds more effectively, 
contributing to its enhanced antioxidant performance.

In conclusion, while the antioxidant activity of Cottonwood honey is 
only marginally higher than that of Rambutan honey, this difference 
reflects the influence of its phenolic and flavonoid content, mineral 
composition, sugar profile, and physicochemical properties. These 
findings underscore the significance of the botanical origin of honey in 
determining its antioxidant capacity and potential applications in 
health-related formulations.

The coating of AgNPs with oligochitosan significantly enhanced their 
antioxidant activity, as indicated by a dramatic reduction in IC₅₀ values 
(Table 4) for AgNPs-Ch Cottonwood (430.95 ± 1.53 µg/mL) and AgNPs- 
Ch Rambutan (551.29 ± 5.09 µg/mL) compared to uncoated AgNPs 
(AgNPs Cottonwood: 1468.75 ± 2.74 µg/mL; AgNPs Rambutan: 
1519.53 ± 3.41 µg/mL). These results highlight a substantial increase in 
antioxidant activity after oligochitosan coating, with improvements of 
3.41-fold and 3.01-fold for AgNPs synthesized using cottonwood and 
rambutan honey, respectively. This remarkable enhancement can be 
attributed to multiple mechanisms, including the role of oligochitosan as 
a stabilizing coating agent, an effective nanocarrier, and a key compo
nent in the nanoencapsulation process.

The antioxidant activity of the tested samples, as indicated by their 
IC₅₀ values, revealed statistically significant differences (ANOVA, F =
44,450.18, p < 0.0001). Post-hoc Tukey HSD analysis further delineated 
these differences, classifying the samples into distinct statistical groups 
(p < 0.05, Table 4). Honey samples (Cottonwood and Rambutan) 
exhibited the highest IC₅₀ values (1519.53–1662.09 µg/mL, group b-c), 
suggesting relatively lower antioxidant activity. A comparable trend was 
observed for AgNPs synthesized using honey (AgNPs Cottonwood: 
1468.75 µg/mL, AgNPs Rambutan: 1519.53 µg/mL), where the reduc
tion in IC₅₀ was statistically insignificant compared to honey alone, 

indicating that AgNPs formation did not markedly enhance antioxidant 
potential (p > 0.05).

In contrast, Oligochitosan demonstrated a substantial decrease in 
IC₅₀ (665.98 µg/mL, group d), reflecting significantly enhanced antiox
idant capacity. Notably, the incorporation of chitosan in AgNPs (AgNPs- 
Ch) resulted in the most pronounced antioxidant activity (IC₅₀ =
430.95–551.29 µg/mL, group e), significantly distinct from all other 
groups (p < 0.0001). This suggests a synergistic effect between chitosan 
and AgNPs, likely attributed to chitosan’s ability to stabilize nano
particles and enhance radical scavenging activity. The statistical strati
fication underscores the role of chitosan modification in augmenting the 
antioxidant efficacy of AgNPs, positioning AgNPs-Ch as a superior 
candidate for biomedical and pharmaceutical applications requiring 
potent antioxidant properties.

Despite the antioxidant IC₅₀ values of AgNPs Cottonwood (1468.75 
± 2.74 µg/mL) and AgNPs Rambutan (1519.53 ± 3.41 µg/mL) not 
exhibiting superior performance compared to certain AgNPs synthesized 
using alternative bioreducing agents—such as Caesalpinia pulcherrima 
(664 µg/mL) [55], Clinacanthus nutans (434.60 µg/mL) [56], and Zea 
mays L. (385.87 µg/mL) [57]—this study presents a strategic approach 
to address the inherent limitations of AgNPs in antioxidant applications. 
A critical challenge in nanobiotechnology lies in optimizing the bioac
tivity of AgNPs, particularly when their inherent antioxidant capacity is 
suboptimal. In this context, polymeric surface modifications, such as 
chitosan coating, emerge as a viable strategy to enhance their functional 
efficacy. In this study, following the surface modification with oli
gochitosan, the resulting IC₅₀ values were found to be comparable to or 
slightly improved over those reported in previous studies [55–57]. The 
oligochitosan coating not only enhanced the biological activity of the 
material but also contributed to improved biocompatibility, under
scoring its potential for safe application in daily-use biomedical and 
environmental settings.

Fig. 13. FESEM-EDX result of AgNPs-Ch Cottonwood: (a) SEM image at 50,000 × magnification; (b) EDX spectra; and (c) EDX elemental mapping.
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The integration of polymeric stabilizers, particularly oligochitosan, 
has been demonstrated to significantly augment the antioxidant poten
tial of AgNPs by improving colloidal stability, modulating electron 
transfer dynamics, and reducing aggregation-induced activity loss. 
Chitosan, a biocompatible polysaccharide, possesses intrinsic antioxi
dant properties attributed to its protonated amino groups, which facil
itate radical scavenging. Furthermore, its ability to form electrostatic 
interactions with AgNPs not only reinforces nanoparticle stability but 
also modulates surface reactivity, thereby amplifying their ROS- 
neutralizing efficiency. Given the dependence of antioxidant mecha
nisms on nanoparticle size, charge distribution, and surface chemistry, 
chitosan-functionalized AgNPs may exhibit superior radical scavenging 
activity through synergistic effects between the metallic core and 
polymeric shell.

These findings underscore the necessity of post-synthetic modifica
tions to tailor the bioactivity of AgNPs, particularly for applications 
where pristine nanoparticles exhibit suboptimal performance. The 
strategic incorporation of biocompatible polymeric coatings represents 

an advanced approach in nanomaterial engineering, enabling the fine- 
tuning of physicochemical properties to maximize therapeutic effi
cacy. This study thus highlights the pivotal role of polymer- 
functionalized AgNPs as an adaptive solution to enhance antioxidant 
potential, contributing to the broader development of nanotechnology- 
based biomedical interventions.

Firstly, oligochitosan is a natural biopolymer rich in amino (NH₂) 
and hydroxyl (-OH) groups, which possess inherent antioxidant prop
erties. These functional groups can effectively scavenge free radicals and 
inhibit oxidative reactions. When chitosan coats the surface of AgNPs, its 
antioxidant activity synergizes with the plasmonic effects of the nano
particles, amplifying their ability to interact with reactive oxygen spe
cies (ROS) or free radicals [58].

Secondly, oligochitosan acts as a biocompatible and stable nano
carrier. The chitosan coating enhances the colloidal stability of AgNPs, 
preventing aggregation and increasing the surface area available for 
interactions with free radicals. This stabilization enables AgNPs-Ch to 
more efficiently capture and neutralize free radicals compared to un
coated AgNPs [59,60].

Thirdly, oligochitosan serves as a nanoencapsulation agent, facili
tating the controlled release of silver ions from the surface of AgNPs 
[61]. Silver ions are known to exhibit antioxidant activity through 
radical scavenging mechanisms, and their sustained release extends the 
duration of antioxidant activity in AgNPs-Ch. Furthermore, the nano
encapsulation effect of chitosan improves bioavailability and promotes 
active interactions between the nanoparticles and biological targets 
[62].

The synergistic combination of oligochitosan’s intrinsic antioxidant 
properties, enhanced stability, and its role in controlled silver ion release 
contributes to the significant improvement in antioxidant activity 
observed in AgNPs-Ch. These findings underscore that chitosan coating 
not only enhances the physicochemical characteristics of AgNPs but also 

Fig. 14. Antioxidant activity (n = 3) of honey (a); AgNPs (b), Oligochitosan (c); and AgNPs-Ch (d).

Table 4 
Antioxidant activity of honey, AgNPs, oligochitosan, and AgNPs-Ch.

Sample IC50 µg/mL

Cottonwood Honey 1519.53 ± 4.11(b)

Rambutan Honey 1662.09 ± 8.30(c)

AgNPs Cottonwood 1468.75 ± 2.74(b)

AgNPs Rambutan 1519.53 ± 3.41(b)

Oligochitosan 665.98 ± 1.94(d)

AgNPs-Ch Cottonwood 430.95 ± 1.53(e)

AgNPs-Ch Rambutan 551.29 ± 5.09(e)

Note: The notation with different “letters” indicates a significant 
difference (p < 0.05).
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amplifies their biological potential, particularly for antioxidant 
applications.

3.5. In vivo toxicity test

The toxicity assessment of AgNPs synthesized using honey bio
reductors (AgNPs Cottonwood and AgNPs Rambutan) as well as their 
oligochitosan-coated counterparts (AgNPs-Ch Cottonwood and AgNPs- 
Ch Rambutan), reveals significant differences in larval shrimp toxicity, 
measured via LC50 values (Table 5). For uncoated AgNPs, the LC50 of 
AgNPs Rambutan was 417.53 ± 27.68 µg/mL, whereas AgNPs Cotton
wood demonstrated a higher LC50 of 546.69 ± 22.21 µg/mL. This sug
gests that AgNPs synthesized using Rambutan honey exhibit higher 
toxicity toward shrimp larvae compared to those synthesized with 
Cottonwood honey. The difference in toxicity can be attributed to var
iations in the chemical composition of the two types of honey, which 
influence the size, morphology, and stability of the nanoparticles, ulti
mately affecting the release of silver ions and their corresponding 
toxicity.

The oligochitosan coating significantly increased the LC₅₀ values for 
both nanoparticle samples, indicating a substantial reduction in toxicity. 
For the AgNPs-Ch Rambutan sample, the LC₅₀ value increased to 
2557.97 ± 23.06 µg/mL, while the AgNPs-Ch Cottonwood sample 
reached 3379.68 ± 20.00 µg/mL. These results reflect a marked 
decrease in toxicity, with reductions of 6.19-fold and 6.12-fold for 
AgNPs synthesized using cottonwood and rambutan honey, respectively. 
ANOVA revealed highly significant differences among the groups (F =
55,192.57, p < 0.0001), prompting further analysis via Tukey HSD.

Uncoated AgNPs exhibited the highest cytotoxicity, as evidenced by 
their markedly lower LC₅₀ values (417.53–546.69 µg/mL, groups d-c). 
The significantly higher toxicity of AgNPs Rambutan relative to AgNPs 
Cottonwood (p < 0.0001) suggests that precursor composition in
fluences nanoparticle toxicity, possibly due to differences in capping 
agents and surface charge distribution.

In stark contrast, chitosan-functionalized AgNPs (AgNPs-Ch) 
demonstrated a drastic reduction in cytotoxicity, with LC₅₀ values 
increasing to 2557.97–3379.68 µg/mL (p < 0.0001, groups a-b). The 
significant elevation in LC₅₀ underscores the biocompatibility enhance
ment conferred by chitosan, likely attributable to its well-documented 
role in stabilizing nanoparticle surfaces and mitigating oxidative 
stress-induced cytotoxicity.

Among AgNPs-Ch samples, AgNPs-Ch Cottonwood exhibited the 
highest LC₅₀ (3379.68 µg/mL, group a), indicating superior biocompat
ibility. This suggests that variations in honey-mediated synthesis, 
possibly related to phytochemical composition and particle size 

distribution, may further modulate nanoparticle safety profiles. These 
findings strongly support the chitosan-mediated modulation of AgNP 
toxicity, positioning AgNPs-Ch as a promising candidate for biomedical 
applications requiring reduced cytotoxicity while preserving functional 
bioactivity.

This drastic improvement in biocompatibility highlights the effec
tiveness of oligochitosan as a coating agent in mitigating the release of 
silver ions, which are the primary contributors to AgNPs toxicity. Oli
gochitosan serves as a physical barrier, limiting nanoparticle in
teractions with biological cells, while its intrinsic antioxidant properties 
provide additional protection against oxidative stress induced by AgNPs. 
Comparative analysis of the samples reveals that, prior to oligochitosan 
coating, AgNPs Rambutan were more toxic than AgNPs Cottonwood. 
However, after oligochitosan coating, both types of nanoparticles 
exhibited significantly reduced toxicity, with AgNPs-Ch Cottonwood 
demonstrating greater biocompatibility than AgNPs-Ch Rambutan. 
These findings strongly support the role of chitosan in enhancing the 
safety profile of AgNPs, while also highlighting the influence of the 
bioreductant on the initial properties and toxicity of the nanoparticles 
before coating.

The oligochitosan coating plays a critical role by forming a protective 
layer around the AgNPs, effectively reducing the release of Ag⁺ ions, 
which are known to be the main agents of AgNPs toxicity. Ag⁺ ions 
exhibit high reactivity, causing damage to cellular membranes, proteins, 
and DNA within organisms, including shrimp larvae. The chitosan layer 
minimizes this ion release, thereby lowering the risk of biological 
damage.

Furthermore, oligochitosan’s intrinsic biocompatibility enhances its 
protective effects. As a polycationic polymer, oligochitosan interacts 
gently with negatively charged cell membranes without causing signif
icant harm. This property is crucial for mitigating the toxic impact 
typically associated with direct interactions between bare AgNPs and 
biological systems. In addition, chitosan has been shown to facilitate 
cellular regeneration and tissue healing, further reducing the toxic ef
fects of nanoparticles.

The physicochemical stability of AgNPs is also enhanced by the 
chitosan coating, which prevents nanoparticle aggregation. The stabi
lization of particle size ensures more controlled biological interactions, 
reducing the potential for toxicity. Additionally, chitosan’s antioxidant 
properties mitigate oxidative stress, a primary mechanism of cellular 
damage induced by AgNPs. By reducing oxidative stress, chitosan 
further contributes to the diminished toxicity of the nanoparticles. The 
chitosan coating not only improves the physicochemical stability and 
reduces the release of silver ions but also provides a protective mecha
nism against biological toxicity. These improvements render AgNPs 

Table 5 
Toxicity assessment of AgNPs and AgNPs-Ch conducted via the BSLT method.

Sample Concentration (log) Number of Surviving Nauplii (24 h) Number of Nauplii Survivors (x‾) % Mortality 
(x‾)

Probit 
(x‾)

LC50

T1 T2 T3

AgNPs Rambutan 0 9 8 8 8.33 16.67 4.03 417.53 ± 27.68(d)

1 8 7 7 7.33 26.67 4.37
2 6 7 5 6.00 40.00 4.75
3 5 4 4 4.33 56.67 5.16

AgNPs 
Cottonwood

0 9 8 9 8.67 13.33 3.88 546.69 ± 22.21(c)

1 8 8 7 7.67 23.33 4.27
2 6 6 6 6.00 40.00 4.75
3 4 5 5 4.67 53.33 5.08

AgNPs-Ch Rambutan 0 8 8 9 8.33 16.67 4.03 2557.97 ± 23.06(b)

1 7 8 9 8.00 20.00 4.17
2 7 7 6 6.67 33.33 4.57
3 5 6 5 5.33 46.67 4.91

AgNPs-Ch 
Cottonwood

0 9 8 9 8.67 13.33 3.88 3379.68 ± 20.00(a)

1 8 8 8 8.00 20.00 4.17
2 7 7 8 7.33 26.67 4.37
3 5 6 5 5.33 46.67 4.91

Note: The notation with different “letters” indicates a significant difference (p < 0.05).
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safer and more biocompatible for biomedical and environmental ap
plications, as evidenced by the larval shrimp toxicity tests.

3.6. Limitation and future perspectives

Despite the successful chitosan coating that significantly enhanced 
the biological performance of AgNPs, including antioxidant activity and 
reduced toxicity, the overall colloidal stability of the AgNPs remains a 
limitation. This is evidenced by the zeta potential values, which remain 
below the ± 30 mV threshold typically indicative of high nanoparticle 
stability. Although the chitosan layer contributed to improved disper
sion and surface passivation, it was insufficient to achieve optimal 
electrostatic repulsion. This suggests that further surface engineer
ing—either through the incorporation of alternative biocompatible 
polymers with stronger stabilizing capacity or by optimizing the syn
thesis conditions, such as irradiation parameters, concentration ratios, 
or pH environment—will be necessary to enhance nanoparticle stability. 
Achieving higher stability is crucial not only for ensuring long-term shelf 
life and uniformity but also for maximizing biological efficacy in 
downstream applications.

4. Conclusions

In this study, silver nanoparticles modified with oligochitosan 
(AgNPs-Ch) were successfully synthesized via a green approach using 
honey as a natural bioreductant. The primary objectives—to develop an 
environmentally friendly synthetic route and to investigate the effect of 
oligochitosan modification on the antioxidant potential of AgNPs—were 
effectively achieved. UV–Vis spectroscopy revealed a characteristic 
surface plasmon resonance peak at 430 nm, confirming the formation of 
AgNPs. While oligochitosan coating did not cause a significant shift in 
the absorption wavelength, FTIR analysis indicated strong interfacial 
interactions, particularly through hydroxyl and amine functional 
groups. TEM revealed uniformly spherical particles with an average 
diameter of approximately 9.01 nm, while SEM-EDX analysis confirmed 
the presence of silver as the dominant elemental constituent, along with 
carbon, nitrogen, and oxygen from oligochitosan acting as a stabilizing 
agent.

Antioxidant activity, evaluated using the DPPH assay, demonstrated 
that AgNPs-Ch exhibited significantly enhanced radical scavenging ca
pacity compared to uncoated AgNPs, highlighting the synergistic effect 
of oligochitosan in augmenting the bioactivity of the nanomaterial. 
Moreover, the modification was shown to reduce nanoparticle toxicity 
while improving colloidal stability. Collectively, these findings position 
AgNPs-Ch as a promising candidate for antioxidant-based therapeutic 
applications, and contribute to the advancement of biocompatible and 
sustainable nanomaterials for biomedical use.
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