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The production of silver nanoparticles (AgNPs) using green synthesis methods
promotes the use of environmentally friendly materials and facilitates a more
sustainable production process by reducing environmental impact. In addition,
combining the metal nanoparticles with biopolymers are getting important to
enhance the safety profiles of formulations to determine the biological
activities. With this concept, AgNPs were synthesized by green synthesis
method from Betula spp. tree branches. In our previous study, silver
nanoparticles were synthesized and characterized from tree branches, and in
this study, similarly synthesized AgNPs were coated with one of the
biopolymers. Herein, Chitosan was used as capping and stabilizing agent.
Characterization of the biosynthesized silver nanoparticles (AgNPs) and
Chitosan coated silver nanoparticles (Ch-AgNPs) were evaluated with various
techniques. Through these analyzes, it was elucidated that the phenolic
compounds present in Betula extract and Chitosan played dual roles as both
reducing and capping agents, facilitating the formation of Ch-AgNPs.
Particular size analysis by dynamic light scattering (DLS) and scanning
electron microscopy (SEM) indicated that the Ch-AgNPs ranged from 49 to
118 nm in size, with a narrow size distribution. X-Ray Differentiation (XRD)
patterns confirmed the high crystallinity of the resulting particles. Fourier
transform infrared (FTIR) analysis further supported these findings, revealing
the involvement of phenolic compound extracts in both the formation and
stabilization of AgNPs. Additionally, FTIR confirmed the surface
modification of AgNPs by chitosan. The efficiency of surface modified Ch-
AgNPs was compared with uncoated AgNPs for their antimicrobial activity,
antiproliferative activity and biocompatibility. Cell culture studies
demonstrated that AgNPs were less toxic to L929 cells while maintaining
effective cytotoxicity against HT-29 cells. Moreover, surface modification
with chitosan enhanced the toxicity of AgNPs against HT-29 cells.
Furthermore, the first synthesized and evaluated Ch-AgNPs with this study
from Betula extract, exhibited potent antimicrobial activity against both Gram-
positive and Gram-negative bacteria. Our findings indicate that novel
synthesized Ch-AgNPs formula may present a biocompatible and safety
approach for further anticancer and antimicrobial studies.

Kitosan Kaph Giimiis Nanopartikiillerin (Ch-AgNP'ler) Yesil Sentezi: Siirdiiriilebilir ve Giivenli
Nanomateryal Uretimi icin Dogadan Yararlamm
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Anahtar Kelimeler
Kitosan kapli glimiis
nanopartikiiller

Yesil sentez
Antiproliferatif etkinlik
Antimikrobiyal etki

Yesil sentez yontemleri kullanilarak giimiis nanopartikiillerin (AgNP'ler)
iiretimi, ¢evre dostu malzemelerin kullanimini tesvik etmekte ve g¢evresel
etkiyi azaltarak daha siirdiiriilebilir bir iiretim siirecini kolaylastirmaktadir.
Ayrica metal nanopartikiillerin biyopolimerlerle birlestirilmesi, biyolojik
aktivitelerin belirlenmesine yonelik formiilasyonlarin giivenlik profillerinin
arttirilmasi agisindan 6nem kazanmaktadir. Bu konseptle, AgNP’ler Betula
spp.’den yesil sentez yontemiyle sentezlendi. Daha dnceki ¢aligmamizda agac
dallarindan giimiis nanopartikiilleri sentezlenip karakterize edilmisti ve bu
calismada da benzer sekilde sentezlenen AgNP'ler biyopolimerlerden biri ile
kaplandi. Burada kapatma ve stabilizasyon ajani olarak Kitosan kullanildi.

Giimiis nanopartikiiller
Biyosentezlenen giimiis nanopartikiillerin (AgNP’ler) ve Kitosan kapli giimiis

nanopartikiillerin  (Ch-AgNP’ler) karakterizasyonu g¢esitli tekniklerle
degerlendirildi. Bu analiz sayesinde, Betula ekstrakti ve Kitosan'da bulunan
fenolik bilesiklerin, Ch-AgNP’lerin olusumunu kolaylagtirarak hem
indirgeyici hem de kapatici ajanlar olarak ikili rol oynadig: agikland:.
Dinamik 1sik sagilimi (DLS) ve taramali elektron mikroskobu (SEM) ile
yapilan boyut analizi, Ch-AgNP'lerin boyutlarinin 49-118 nm arasinda
degistigini ve dar bir boyut dagilimina sahip oldugunu gosterdi. X-Isini
Kirinim (XRD) desenleri, elde edilen parcaciklarin yiiksek kristalligini
dogruladi. Fourier doniisiimii kizilotesi (FTIR) analizi bu bulgular1 daha da
destekledi ve fenolik bilesik ekstraktlarinin AgNP’lerin hem olusumunda hem
de stabilizasyonunda rol oynadigin1 ortaya c¢ikardi. Ek olarak FTIR,
AgNP’lerin kitosan tarafindan yiizey modifikasyonunu dogruladi. Yiizeyi
degistirilmis  Ch-AgNP’lerin  etkinligi, antimikrobiyal aktiviteleri,
antiproliferatif aktiviteleri ve biyouyumluluklari agisindan kaplanmamig
AgNP'lerle karsilastirildi. Hiicre kiiltiiri ¢alismalari, AgNP’lerin L929
hiicreleri igin daha az toksik oldugunu ve HT-29 hiicrelerine karsi etkili
sitotoksisiteyi korudugunu gosterdi. Ayrica, kitosan ile yiizeyi modifiye
AgNP'lerin HT-29 hiicrelerine karsi toksisiteSini artirmigtir. Ayrica, bu
caligmayla Betula ekstraktindan sentezlenen ve degerlendirilen ilk Ch-
AgNP’ler, hem Gram-pozitif hem de Gram-negatif bakterilere karsi giiclii
antimikrobiyal aktivite sergiledi. Bulgularimiz, yeni sentezlenen Ch-AgNP
formiiliiniin ilerideki antikanser ve antimikrobiyal ¢alismalar i¢in biyouyumlu
ve giivenli bir yaklagim sunabilecegini gostermektedir.

To Cite: Kara A., Ozcelik B. Green Synthesis of Chitosan-Coated Silver Nanoparticles (Ch-AgNPs): Harnessing Nature for

Sustainable and Safe Nanomaterial Production. Osmaniye Korkut Ata Universitesi Fen Bilimleri Enstitiisii Dergisi 2024; 7(3):
1319-1341.

1. Introduction
Nanotechnology has emerged as a transformative field with profound implications for the diagnosis,

treatment, and management of various diseases, including cancer and infectious diseases. The ability to
manipulate materials at the nanoscale enables the development of innovative therapeutic strategies that
leverage unique physical, chemical, and biological properties. Nanotechnology offers promising
solutions to address key challenges, including drug resistance, limited efficacy, and off-target effects
associated with conventional therapies (Ho et al., 2017; Malik et al., 2023). Silver nanoparticles are
significant promising agents in the treatment of cancer and infectious diseases with their activity in
disrupting microbial cell membranes and inhibiting the growth of bacteria, viruses and fungi. Since they
are low-cost, scalable and biocompatible, especially with green synthesis methods, their use in
biomedical applications for drug delivery, diagnosis and treatment makes them ideal carrier system
candidates (Mikhailova 2020; Hou et al., 2023; Takac¢ et al., 2023). Additionally, AgNPs can be
engineered for targeted drug delivery, enhancing the efficacy of conventional therapies while

minimizing adverse effects on healthy cells. Their diagnostic capabilities enable early disease detection
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and monitoring of treatment response, contributing to improved patient outcomes. Furthermore, AgNPs
exhibit theranostic potential, integrating therapy and diagnostics into a single platform (Burdusel et al.
2018). Advances in nanoparticle synthesis have led to formulations with improved biocompatibility and
biodegradability, addressing concerns about toxicity and long-term accumulation. Continued researchs
and developments in this field are crucial for realizing the full therapeutic potential of AgNPs and
translating them into clinical practice. Among the methods of synthesizing AgNPs, green synthesis is
considered particularly important due to its sustainability, environmentally friendly, and potential for
biomedical applications. Unlike conventional chemical synthesis methods, which often involve the use
of toxic chemicals and solvents, green synthesis utilizes natural, non-toxic, and renewable resources
such as plant extracts, microbial agents, or biocompatible polymers. This approach not only reduces the
environmental footprint associated with nanoparticle production but also eliminates the generation of
hazardous by-products. Furthermore, green synthesis methods are typically cost-effective, energy-
efficient, and scalable, making them suitable for large-scale production. The use of biologically
synthesized in medical fields has indeed shown promise, particularly in areas such as wound healing,
antibacterial coatings, and drug delivery systems (Rautela et al., 2019; Asif et al., 2022; Giri et al., 2022).
However, concerns about their potential cytotoxic effects have tempered widespread adoption. AgNPs
can exert cytotoxic effects on various cell types, including human cells, through mechanisms such as
oxidative stress, DNA damage, and disruption of cellular processes. While these effects can be beneficial
in targeting pathogens or cancer cells, they also raise concerns about potential harm to healthy cells
(Akter et al., 2017; Liao et al., 2019). Surface modifications, such as coating AgNPs with biocompatible
materials or functionalizing them with targeting ligands, can enhance their biocompatibility and
specificity. Coating enhances the stability of AgNPs, preventing aggregation and preserving their unique
properties, which is vital for maintaining their efficacy over time. Moreover, coating allows for
controlled release of encapsulated substances, enabling precise delivery of therapeutic agents for
targeted treatments. Additionally, functionalization of the coating enables customization, facilitating
attachment of targeting ligands or other molecules for specific applications such as targeted drug
delivery or diagnostic imaging. It is essential to coat with biocompatible materials to ensure the safety
of AgNPs in biological environments, mitigating potential cytotoxicity and facilitating their interaction
with biological systems. Biocompatible shell acts as a protective barrier, minimizing direct contact
between the silver core and living tissues or cells (Jeon and Baek, 2010; Abedin et al., 2018; Zentel,
2020; Komsthoft et al., 2022). The coating of AgNPs can indeed significantly alter their properties, and
these changes are influenced by both the type of coating material and the thickness of the coating layer.
Chitosan, a biopolymer derived from chitin, has attracted significant attention in biomedical applications
owing to its biocompatibility, biodegradability, and versatile chemical properties (Jimenez-Gomez and
Cecilia, 2020; Desai et al., 2023). The conjugation of chitosan with AgNPs not only enhances their
stability and dispersibility but also augments their therapeutic potential, making them promising

candidates for combating microbial infections and cancer. Chitosan's mucoadhesive properties enable
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targeted drug delivery to mucosal tissues, and its pH responsiveness allows for controlled release of
therapeutics. Additionally, its film-forming ability makes it particularly well-suited for applications
requiring thin protective coatings. Moreover, chitosan's ease of modification facilitates the incorporation
of additional functionalities into AgNP-chitosan composites (Di Martino et al., 2017; Maslamani et al.,
2022; Wang et al., 2022; Farhadi et al., 2022). In our previous report, silver nanoparticles were
synthesized from Betula tree branched extracts by green synthesized method and characterized for their
nanoparticular features (Ozcelik and Kara, 2023). In this study, it was aimed to synthesize Ch-silver
nanoparticles using a green approach, employing Betula extract as the reducing and capping agent. The
fabricated nanoparticles were characterized comprehensively using various analytical techniques to
elucidate their physicochemical properties. Furthermore, the anticancer efficacy and antimicrobial
activity of the synthesized nanoparticles were evaluated in vitro, aiming to elucidate their potential as
dual-function therapeutic agents. This research represents a step towards the development of sustainable
and effective nanotherapeutics for combating microbial infections and cancer, addressing critical

challenges in healthcare and biomedicine.

2. Materials and Methods

2.1. Materials

Silver nitrate (AgNOs3), low molecular weight chitosan (deacetylation degree 75-85%), acetic acid
glacial (CH3COOH, 99%), ethanol (C-HsOH, 99%) Muller Hilton Broth, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), and dimethyl sulfoxide (DMSQ) were supplied from Sigma-
Aldrich (St Louis, MO, USA). Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose, and
pyruvate were purchased from Gibco (Waltham, MA, USA). Escherichia coli (ATCC 25922),
Pseudomonas aeruginosa (ATCC 27853), gram-positive bacteria, Staphylococcus aureus (ATCC
25923), Enterococcus faecalis (ATCC 29212) and a yeast, Candida albicans (ATCC 10231) strains
were acquired for antimicrobial research. Human Caucasian colon adenocarcinoma cell line HT29
(ATCC HTB-38) and L929 mouse fibroblast cell line was purchased from ATCC Cell Bank (USA) to
determine antiproliferative activity and biocompatibility of AgNPs and Chitosan coated-AgNPs (Ch-

AgNPs) formulations. All chemicals were of analytical purity.

2.2.Methods

2.2.1. Preparation of plant extracts

The extraction of plant branches was performed according to our previous study as indicated below
(Ozcelik and Kara, 2023). Brances of Betula plant which were sourced from Van province, Tiirkiye as
reported before, underwent purification by washing twice with distilled water and were then air-dried at
room temperature in the shade. Following drying, the branches were finely ground using an electric
grinder and weighed. Subsequently, 25 g of the dried ground samples were blended with 10 times the

liquid volume of purified water.
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The extraction procedure was carried out using a Soxhlet device at 80°C for a duration of 8 h. Following
extraction, the resulting solution underwent filtration using Whatman No. 1 filter paper. It was then
carefully stored at a temperature of 4°C to facilitate future investigation and analysis (Hradilova et al.,

2018). All procedures were conducted in duplicate.

2.2.2. Green Synthesis of silver nanoparticles (AgNPs)

Silver nanoparticles were prepared from plant branches according to our optimized conditions as
previously mentioned in literature (Deveraj et al., 2013; Ozcelik and Kara, 2023). Herein, silver nitrate
(AgNO3) was used as an initiator to get AgNPs. Based on this, AgNOs solution was prepared in 3mM
concentration and incubated with plant branches extracts as a bio reductor in the ratio 1:10 for 4 h at 80
°C.

The validation of the synthesis of silver nanoparticles was confirmed by observing noticeable changes
in the color of the solution. Subsequently, to purify the nanoparticles, centrifugation was conducted at a
speed of 13500 rotations per minute for a duration of 20 minutes (Sigma 3-30KS, Germany) and
replicated twice to ensure removal of any residual silver ions. After centrifugation, the supernatant was
delicately decanted, and the ensuing pellet was left to air dry overnight in an incubator, resulting in the
formation of a powdered substance. This entire process was conducted twice to validate the experimental

results.

2.2.3. Preparation of chitosan coated AgNPs

AgNPs previously synthesized by reduction with Betula extract served as the initial material for the
coating process. Low molecular weight chitosan (>75% degree of deacetylation) was used to coat
AgNPs. The coating process for the AgNPs with chitosan was adapted from a previously documented
protocol with minor adjustments (Raza et al., 2021). Briefly, 15 mg/ml chitosan solution in % 1 glacial
acetic acid was prepared and then filtered through 0.22 pm sized syringe filtre to remove insoluble
particles. 5 mL of AgNPs solution was added dropwise to the freshly prepared chitosan solution under
constant stirring (1000 rpm) and incubated at the dark for 4 h. The resulting mixture was heated by
microwave at 650 W for 90 seconds with 30-second intervals to facilitate the interaction between
chitosan and AgNPs. After microwave treatment, the suspension containing the fabricated
nanocomposite system was then centrifuged at 14.000 rpm for 20 min at 4 °C. The obtained pellets were
washed three times with deionized water to eliminate any unbound residues. The Ch-AgNPs were
lyophilized and kept at 4 °C for subsequent characterization. The influence of different volume ratio of
chitosan solution: AgNPs suspension on the physicochemical properties of the resulting

nanoformulation was evaluated.
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2.2.4. Characterization of AgNPs and Ch-AgNPs

Uncoated and chitosan-coated AgNPs were characterized by various methods. UV-Vis spectroscopy
was employed to characterize the silver nanoparticles synthesized through green methods with their
spectra measured across the 200-800 nm range via an UV-visible spectrophotometer (Rayto, RT, 2100C,
China). The particular features (e.g. size, zeta potential and polydispersity index) of silver nanoparticles
and chitosan coated forms were evaluated via dynamic light scattering method. Each data collection was
conducted at 25°C, with fresh sample preparations made for every analysis. The experimental procedure
was replicated three times to ensure the robustness of the results. The morphological characterizations
of AgNPs and Ch-AgNPs were evaluated by Scanning Electron Microscopy (SEM) (FEI / Quanta 450
FEG, Japan). Subsequently, Fourier Transform Infrared Spectroscopy (FTIR) (Thermo Scientific /
Nicolet 1S50, China) was used to determine the nature of functional groups both before and after the
application of chitosan coating. The measurements were conducted within the spectral range from 400
to 4000 cm™' was examined using the KBr pellet method with a resolution of 4 cm™. Also, silver
nanoparticles and chitosan-coated silver nanoparticles were characterized by X-Ray Diffraction (XRD)
(Rigaku DMAX 2200) method to determine the crystal structural of both formulations to verify the

coating has occurred.

2.2.5. Determining antiproliferative activity of NPs and Ch-AgNPs

Uncoated and Ch-AgNPs were evaluated for their antiproliferative activity on HT29 colorectal cancer
cell line by (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) assay (Saeidi et al.,
2020). Cells were seeded at a density of 1x10* cells/well in 96-well plates and were cultured in DMEM
medium supplemented with 10% FBS and 1% pen-strept solution at 37°C in 5% CO.. The medium was
refreshed upon cells reaching 70-80% confluency within 48 hours. The cells were sub-cultivated with
trypsin-EDTA solution (0.05%) after confluency. Then cells were subjected to overnight serum
starvation before exposure to formulations. Subsequently, the cell culture medium was substituted with
the medium was enriched with serum (100 uL), and treated with varying concentrations of AgNPs and
Ch-AgNPs (20-100 pg/mL) dispersed in serum-free medium for 24 and 48 hours. After the designated
incubation duration, 25 uLL MTT (5 mg/mL) was added to each well and incubated at 37°C with 5%
CO:; for 4 hours. Subsequently, the culture medium was aspirated, and 200 uL. of DMSO was added to
dissolve the formazan crystals. Absorbance was measured at 570 nm using a plate reader, and results
were normalized to non-treated cells as following the viability (%) was determined by calculating the
absorbance percentage relative to that of the untreated cells. The absorbance of non-treated cells was
accepted as 100 %, the absorbance of treated cells was calculated according to the non-treated cell
values. The experimental prosedure was performed in triplicate to ensure data reliability. The

experimental prosedure was conducted in triplicate.
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2.2.6. Determining biocompatibility of AQNPs and Ch-AgNPs

To determine the biocompatibility of AgNPs and Chitosan-coated AgNPs formulations, L929 cells was
used. As indicated in antiproliferative activity studies, cells were added to each well of 96-well plats for
growing and treated with varying concentrations of AgNPs and Ch-AgNPs (20-100 ug/mL) dispersed
in serum-free medium for 24 and 48 h. Following incubation, 25 pL of MTT solution (5 mg/mL) was
introduced to each well and allowed to incubate for 4 h. Afterward, 200 pL. of DMSO was added to
dissolve the resulting formazan crystals, and absorbance measurements were conducted using a

microplate spectrophotometer set at 570 nm. The experimental prosedure was conducted in triplicate.

2.2.7. Antimicrobial activity of AQNPs and Ch- AgNPs

The antimicrobial activity of silver nanoparticles (AgNPs) and chitosan-coated silver nanoparticles (Ch-
AgNPs) were assessed using a panel of microorganisms including gram-negative bacteria Escherichia
coli (ATCC 25922) and Pseudomonas aeruginosa (ATCC 27853), gram-positive bacteria
Staphylococcus aureus (ATCC 25923) and Enterococcus faecalis (ATCC 29212), as well as the yeast
Candida albicans (ATCC 10231). The Kirby-Bauer Disk method was employed for this evaluation,
following the protocol previously described (Ozcelik and Kara, 2023). In brief, bacterial and fungal
suspensions were prepared at a concentration of 10° colony-forming units (cfu) per spot and inoculated
onto Mueller—Hinton Agar (MHA) and Sabouraud Dextrose Agar, respectively. 147 uL and 196 uL of
silver nanoparticle stock solution were added to impregnate 15 pg and 20 pg silver nanoparticles to the
discs, respectively. Positive controls, including gentamicin for bacteria and fluconazole for fungi, were
used, while negative controls comprise disks applied with sterile medium. The plates were incubated at
37 °C for 48 h. Following the incubation period, the dimensions of the zones of inhibition measured (as
mm) to assess the antibacterial and antifungal activities of AgNPs and Ch-AgNPs against the tested
microorganisms. Three replicates of the experiments were performed to ensure the reliability of the

results.

2.2.8. Minimal inhibitory concentration (MIC) of AgNPs and Ch-AgNPs to test microorganisms

The microdilution technique serves as a broadly recognized and sensitive approach to systematically
assess the antimicrobial properties and determine the Minimum Inhibitory Concentration (MIC) values.
As described previously, the minimum inhibitory concentration values of AgNPs and Ch-AgNPs to the
selected test microorganisms were determined through the broth microdilution technique (Ozcelik and
Kara, 2023). The test microorganisms were prepared at a concentration of 1x10* colony-forming units
per milliliter (CFU/mL) and incubated with AgNPs and Ch-AgNPs, which were diluted in Mueller-
Hinton Broth (MHB) to achieve varying amount spanning from 0.046 to 60 pg/mL. Non-treated neither
AgNPs nor Ch-AgNPs were included as controls. The micro-well plates containing the microbial
suspensions and nanoparticles were then incubated at 37 + 1°C for 24 h. Following incubation, the MIC

was determined as the lowest concentration of AgNPs or Ch-AgNPs at which no visible microbial
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growth was observed. This concentration was identified by visual inspection, with the first well showing
no visible growth considered as the MIC. The MIC values were expressed in micrograms per milliliter
(ng/mL). All tests were performed in triplicate to ensure accuracy and reproducibility of the results.

2.2.9. Statistical analysis

All data are presented as mean + standard deviation (SD) in triplicates. The statistical significance was
determined using SPSS software. All results of formulations were statistically evaluated using two-way
ANOVA (*p<0,05) to identifiy the significance.

3. Results and Discussion

3.1.Characterization of AgNPs and Ch-AgNPs

Green synthesis of silver nanoparticles (AgNPs) was carried out with interaction a precursor AgNO3
with Betula branch extract which is reducing agents with it is biological active content (Saxena et al.,
2013). This reaction is based on the formation of silver nanoparticles by reducing silver ions (Ag*) into
neutral silver (AgP) aggregates in the presence of a reducing agent. Plants as a reducing agent contains
some biomolecules as flavonoid, enzyme, alkaloids, terpenes, phenols, polysaccharides, tannis
(Wulandari et al, 2022). So that, this biological synthesis route offers advantages, thus enabling a
reduction in the use of harmful toxic substances. Initially, confirmation of silver nanoparticle formation
was achieved through the observation of a distinct color change in the solution, typically indicative of a
chemical reaction taking place. In our previous study, we have determined the optimum AgNPs
synthesis parameters in terms of AgNOj3; concentrations and ratio to Betula extract, reaction time and
temperature (Ozcelik and Kara, 2023). Therefore, in this study AgNPs were synthesized by mixing 3
mM AgNO:s solution with Betula branches extract in a 1:10 ratio at 80 “C. As shown in Figure 1. the
color of AgNOs solution was changed from yellow to brownish dark yellow within 4h. This color
changes indicated the reduction of Ag* to neutral Ag® which AgNPs were synthesized (Azizi et al., 2013;
Jalab et al., 2021).

AgNOs3-Betula Extract AgNPs (4h)
(oh)

Figure 1. The color change of silver nitrate solution after incubating the Betula extract within 4 h

of incubation at 80 °C.
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In this study, AgNPs were synthesized through a reduction process facilitated by the properties of the
plant extract. Subsequently, a coating process was employed to coat the AgNPs with low molecular
weight chitosan, forming a nanocomposite material. The resulting AgNPs and Ch-AgNPs were further
confirmed using UV-Vis spectrophotometer, FTIR, XRD and characterized in terms of physicochemical
parameters by DLS and SEM. Additionally, the study evaluated the influence of the chitosan solution
to AgNPs solution ratio on the properties of the Ch-AgNPs. By varying the ratio of chitosan solution to
AgNPs solution, it was examined how this parameter affected the characteristics and performance of the
resulting Ch-AgNPs. This investigation aimed to elucidate the optimal ratio that would yield desired
properties such as particle size, stability, and zeta potential, providing valuable insights into the
formulation and optimization of Ch-AgNP nanocomposites for potential medical applications. Table 1
showed the physicochemical properties of both AgNPs and Ch-AgNPs. The results provide significant
insight that upon chitosan coating, there was an increase in the mean particle size of the AgNPs,
suggesting that the chitosan layer added thickness to the nanoparticles. Additionally, the polydispersity
index (PDI) decreased in the Ch-AgNPs compared to the uncoated counterparts. This decrease in PDI
indicates a reduction in the heterogeneity of particle size distribution, signifying enhanced uniformity
and stability conferred by the chitosan coating. Indeed, the study revealed distinct outcomes based on
the ratio of chitosan solution to AgNPs solution. When equal volumes of chitosan solution and AgNPs
solution were utilized, a larger PDI was observed. This suggests a wider range of particle sizes and
increased heterogeneity in the resulting nanocomposite. Conversely, when the chitosan solution volume
was three times that of the AgNPs solution, larger particles were formed, indicating possible aggregation
or clustering of nanoparticles. However, the optimal ratio was found when the chitosan solution volume
was twice that of the AgNPs solution, resulting in desirable characteristics. These findings underscore
the importance of the chitosan to AgNPs solution ratio in controlling the properties of the resulting
nanocomposite, offering valuable insights for the design and optimization of Ch-AgNPs for medical
applications. Indeed, the chitosan coating resulted in a positive zeta potential of the nanoparticles, which
also further validated the successful coating of the chitosan on the surface of the AgNPs. This positive
zeta potential is a characteristic feature of chitosan, which is a positively charged polysaccharide due to
the presence of amino groups in its structure. This positive charge can enhance the stability of the
nanoparticles in suspension by electrostatic repulsion between particles, preventing agglomeration or
sedimentation. Additionally, the positively charged surface of Ch-AgNPs may facilitate interactions
with negatively charged molecules or surfaces, enabling various applications such as drug delivery and
antimicrobial activity. The results were consistent with those reported in prior studies by Raza et al.,
2021 and Constantin et al., 2022. Ch-AgNPs prepared according to AgNPs:chitosan solution ratio (1:2)

were selected as an optimum formulation for further studies.
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Table 1. Physicochemical properties of AgNPs and Ch-coated AgNPs. The data were presented as the
mean + standard error of the mean (SEM) values derived from three independent batches.

Formulations AgNPs:CS  Mean particle Polydispersity Zeta potential
solution size (nm) index (mV)
ratio (v/v)

AgNPs - 106.4 + 3.1 0.26 £ 0.02 21.5+4.8
Ch-AgNPs 1:1 113.5+2.7 0.28 +£0.01 +26.2+3.5
Ch-AgNPs 1:2 1182+ 1.6 0.21+0.01 +27.3+4.7
Ch-AgNPs 1:3 1454+ 1.8 0.24 £0.03 +29.5+6.3

The synthesis of AgNPs and Ch-AgNPs was confirmed through UV—Vis spectroscopy method by
comparing the particular absorbance peaks of formulations in the range of 200-800 nm. As indicated
in our previous study, despite the absence of discernible absorbance peaks in the UV-Vis spectrum
of the Betula plant branches extract, the AgNPs exhibited a maximum absorbance peak at 425 nm
(Ozcelik and Kara, 2013). In current study, UV-Vis spectrum of Ch-AgNPs was evaluated to
determine the surface plasmon resonance (SPR) band of AgNPs. As shown in Figure 2 Ch-AgNPs
showed mainly single sharp peak at also 425 nm demonstrated that the AgNPs were synthesized
successfully as reported in literatures (Cinteza et al., 2018; Huq et al., 2022; Farhadi et al., 2022).
This observed characteristic higher and sharp peak for Ch-AgNPs indicating that the biopolymer
chitosan stabilized the AgNPs with a narrow distribution efficiently and this result also supported
by our particle size and polydispersity index analysis. It is reported also in previous studies that
absorption peaks of silver nanoparticles and coated forms are associated with morphology, size,

shape and distribution nanoparticles (Imran et al., 2020; Shinde et al., 2021).
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Figure 2. UV-Vis absorption spectra of Betula plan extract, AgNPs and Ch-AgNPs

The reduction of silver ions to AgNP is attributed to the presence of functional groups especially (-OH)
within the phytocomponents as Tannis of Betula plant extracts. Therefore, Fourier transform infrared
Spectroscopy (FT-IR) analysis of AgNPs and Ch-AgNPs was conducted to verify the molecular
interaction between the coated and uncoated AgNPs by determining the status of the functional groups.
In our previous study, we revealed the formation of AgNPs comparing with FT-IR spectral peaks of
plant extract (Ozcelik and Kara, 2023). As indicated previously, observed main AgNPs absorption peaks
revealed the formation of AgNPs which is consistent with literature (Mallikarjuna et al., 2011). Also,
the absence of peaks corresponding to functional groups in Betula extract confirmed this result. In
current study, FT-IR spectrums of AgNPs and Ch-AgNPs were evaluated to determine whether the
capping of chitosan to the surface of AgNPs has been occurred successfully. As seen in Figure 3 the
main FT-IR spectral peaks were observed at 3489, 2902, 1654 and 1004 cm™ for AgNPs (blue line)
which showed similar peak models with Ch-AgNPs as 3301, 1618, 1504, 1364 and 1003 cm™ for Ch-
AgNPs (black line). The FT-IR analysis revealed the presence of specific several functional amino
groups peaks in Ch-AgNPs which introduced as capping agents as indicated in literatures (Shinde et al.,
2021; Kalaivani et al., 2018; Rathod et al., 2016). As seen in Figure 3 the characteristic peak at 3489
cmtin AgNPs showed low density when compared with Ch-AgNPs suggesting stretching vibrations of
O-H or N-H groups. The similar peak for Ch-AgNPs at 3301 cm™* indicating an increased presence of
O-H groups, while the involvement of N-H groups in binding to the silver metal is implied. Also, the
peak of amide Il band at 1504 cm™! presents that all the O-H and N-H functional groups both demonstrate

a significant affinity for silver ions.
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Figure 3. FTIR spectrum of AgNPs (Blue line) and Ch-AgNPs (Black line)

Nate et al. reported also similar results to ours that the existence of these functional groups on the surface
of the synthesized silver nanoparticles, coupled with the disappearance of the NH, double peak, suggests
the successful encapsulation of the nanoparticles by the polymer (Nate et al, 2018). The FT-IR spectrum
findings demonstrated that the reduction was occurred, chitosan capped the surface of AgNPs and these
identified amino groups play a crucial role in interacting with the metal surface, serving as sites for the
stabilization of AgNPs (Shinde et al., 2021; Kalaivani et al., 2018; Rathod et al., 2016).

The crystal structure of AgNPs and Ch-AgNPs was characterized by X-Ray Diffraction (XRD) analysis.
According to XRD patterns, AgNPs showed four main characteristic peaks at 38,22°, 44,38°, 64° and
77,8° at 10 to 100 20 degree which is point out (111), (200), (220) and (311) respectively. These values
showed similarity with literature that silver nanoparticles have cubic spherical structure with silver-
centered crystalline which was confirmed by TEM images (Govindan et al., 2012; Panja et al., 2016).
As seen in Figure 4 AgNPs and Ch-AgNPs showed very similar XRD patterns that is far from impurities
as reported in literatures. Our results showed similarity with previous reports that high similarity XRD
patterns of AgNPs and Ch-AgNPs suggest that the silver nanoparticles remain stable by unchanging the
crystal structure following the coating with chitosan (Ates et al., 2021; Jyoti et al., 2016).
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Figure 4. XRD Spectrum of a. Ch-AgNPs and b. AgNPs

The morphological characterization of Ch-AgNPs was performed using SEM. SEM analysis of the Ch-
AgNPs provided complementary insights not only into their morphology but also into size distribution.
SEM analysis confirmed that Ch-AgNPs have sizes between 49.75+1.7 and 70.0+5.6 nm in dried state.
It was observed that the mean particle size obtained from SEM analysis was smaller than the results
obtained from DLS. This discrepancy between the two techniques is frequently observed and can be
attributed to inherent differences in measurement principles and methodologies. SEM analysis typically
measures the size of the dry particles on a solid substrate, which may lead to particle shrinkage and
underestimation of the actual particle size compared to DLS which measures the hydrodynamic size of
particles in solution based on their Brownian motion (Souza et al., 2016). The SEM analysis also
revealed that the Ch-AgNPs exhibited a spherical shape (Figure 5). This observation indicates that the
chitosan coating did not significantly alter the overall morphology of the nanoparticles, which retained
their characteristic spherical structure. The spherical shape of the nanoparticles is consistent with typical
AgNP morphology and is often desired for various applications due to its uniformity and high surface-
to-volume ratio. The preservation of spherical morphology after chitosan coating suggests that the
chitosan layer formed a conformal coating around the nanoparticles without causing significant
distortion or aggregation. This is important as it ensures the structural integrity and stability of the Ch-

AgNPs, which are crucial for their performance in applications such as drug delivery.

1331



Figure 5. Scanning electron microphotographs of Ch-AgNPs

3.2. Antiproliferative activity of AQNPs and Ch-AgNPs against HT-29 CRC cell line

Polymer-based surface modification is a widely employed strategy aimed at enhancing various aspects
of drug delivery systems. By modifying the surface of drug carriers, such as nanoparticles or
microparticles, with polymers, several beneficial properties can be achieved, including improved
penetration capability, controlled drug release, drug targeting to specific sites, and increased drug
payload capacity. For this reason, following the characterization analyses, antiproliferative activity of
nanoparticles against HT-29 CRC cells were evaluated. To conduct this assessment, HT-29 CRC cells
were treated with both AgNPs and Ch-AgNPs at various concentrations for 24 h and 48 h. Cell viability
was then measured using MTT assay which assess metabolic activity and cell viability based on the
conversion of colorimetric substrates by viable cells and the half-maximal inhibitory concentrations
(ICs0) were determined for nanoparticles. The Figure 6A and B demonstrated that increasing
concentrations of both AgNPs and Ch-AgNPs resulted in progressively lower cell viability in HT-29
CRC cells. The results also indicated the cell viability of HT-29 cells following 24 and 48 h of incubation
both with AgNPs and Ch-AgNPs. It was evident from the results that the toxicity of the
nanoformulations increased over time. The half-maximal inhibitory concentration of AgNPs and Ch-
AgNPs was determined to be 65.77 ug/mL and 42.3 pg/mL, respectively, following 48 h of treatment.
Coating AgNPs with chitosan increases their interaction with negatively charged cell membranes due to
the positive charge of chitosan, resulting in increased cellular uptake (Alomrani et al., 2019). Therefore,
Ch-AgNPs showed a higher cytotoxic effect on the HT-29 cell line than AgNPs. Our findings are
consistent with a prior investigation examining the in vitro cytotoxic effects of Ch-AgNPs against MCF-
7 human breast cancer cells. The results showing a 64% inhibition of cell proliferation at a concentration
of 100 pg/mL highlight the substantial cytotoxic effect of Ch-AgNPs against MCF-7 cells (Parthasarathy
et al., 2020). In another study, nanostructured lipid carriers (NLCs) coated with chitosan were assessed
for their impact on cell viability. The results showed that both coated NLCs and uncoated NLCs led to

a significant decrease in cell viability. However, the reduction in cell viability was more pronounced for
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coated NLCs, with a 70% decrease observed, compared to a 50% decrease for non-coated NLCs
(Almeida et al., 2022). As seen in Figure 6A the results did not show significant differences which
obtained for AgNPs even both time point. But Chitosan-Silver nanoparticles at maximum concentration
showed significant differences between 24h and 48 h (*p<0,05).
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Figure 6. Analysis of the percentage of cell viability in HT-29 cells post-treatment with varying
concentrations of both A) AgNPs and B) Ch-AgNPs.
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3.3. Biocompatibility of AQNPs and Ch-AgNPs

The analysis of cell viability in L929 cells following 24 and 48 h of incubation with AgNPs and Ch-
AgNPs indicated that the toxicity of the nanoformulations varied with the concentration administered.
(Figure 7 A and B). The observed very low cytotoxic effects of both AgNPs and Ch-AgNPs on the L929
cell line, regardless of concentration, suggest that these nanoparticles are biocompatible and do not
exhibit dose-dependent cytotoxicity, indicating their potential suitability for biomedical applications.
Specifically, the ICso values of AgNPs and Ch-AgNPs were calculated to be be 237.81 pg/mL and
283.95 ug/mL, respectively, after 48 h of treatment. Our results showed that Ch-AgNPs are
biocompatible for healthy cells but cytotoxic for cancer cells. The cancer cells typically exhibit a more
acidic microenvironment compared to normal cells. This acidic environment facilitates the release of
silver ions from nanoparticles, leading to a higher rate of cell death in cancer cells compared to normal
cells. Our findings aligned with previous research that demonstrated the the preferential toxicity of
biologically synthesized AgNPs against breast cancer cells while exhibiting no adverse effects on mouse
fibroblast cells (Khorrami et al., 2018). Our findings were also consistent with a study that indicated
the minimal cytotoxicity of both AgNPs and Ch-AgNPs towards L929 cells. The survival rate of L929
cells co-incubated with varying concentrations of AgNPs and Ch-AgNPs exceeded 80% after 24 h (Liu
et al., 2022). These findings suggest that AgNPs and Ch-AgNPs are biocompatible and well-tolerated
by L929 cells under the conditions tested. As seen in Figure 7A and 7B the results did not show

significant differences which obtained for AgNPs and Chitosan-silver nanoparticles even both time
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Figure 7. Analysis of the percentage of cell viability in L929 cells post-treatment with varying
concentrations of both A) AgNPs and B) Ch-AgNPs.

3.4. Antibacterial and antifungal activity of AgNPs and Ch-AgNPs

The antimicrobial activity of AgNPs and Ch-AgNPs was assessed against a range of microorganisms,
including Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, Enterococcus faecalis
and Candida albicans. The assessment of antimicrobial activity revealed that Ch-AgNPs exhibited
substantial zones of inhibition against all tested organisms (Table 2). Remarkably, the zone diameter of
inhibition observed for Ch-AgNPs was significantly larger compared to that of bare AgNPs (p<0.05).
20 ug/mL AgNPs showed inhibition zones of 13 mm in Staphylococcus aureus whereas 20 ug/mL Ch-
AgNPs showed inhibition zones of 21 mm in the same test microorganisms. This outcome suggests that
the chitosan coating enhances the antimicrobial efficacy of the silver nanoparticles against the tested
microorganisms. As seen in Table 2, the mean zone diameters of formulations were evaluated
statistically. According to average zone of inhibition, 20 pg/disc Ch-AgNPs showed significant
antimicrobial activity against all test microorganisms (p<0.05) compared to gentamicine which is
compatible with the literature. Chitosan is known for its antimicrobial properties, disrupting the cell
membrane integrity of microorganisms. The positively charged chitosan polymer interacts with
negatively charged microbial cell membranes, facilitating the adhesion of Ch-AgNPs to microbial
surfaces. Additionally, chitosan coating improves the stability and dispersion of AgNPs, ensuring better
interaction with microbial cells and enhancing antimicrobial efficacy. Moreover, chitosan may promote
the controlled release of silver ions from AgNPs, which possess potent antimicrobial properties. The
combined action of chitosan and silver nanoparticles results in synergistic antimicrobial effects, further
enhancing overall efficacy against a wide range of microorganisms. Furthermore, Ch-AgNPs can be

selectively targeted to sites of infection or microbial colonization, thanks to the targeted delivery
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facilitated by chitosan's positive charge (Teixeira-Santos et al., 2021; Yan et al., 2021; Huq et al., 2022).
The larger zone diameter of inhibition observed for Ch-AgNPs highlights the potential of this
nanocomposite for various antimicrobial applications, including wound dressings and medical devices.
This finding underscores the importance of surface modification techniques, such as chitosan coating,
in enhancing the antimicrobial performance of nanomaterials, contributing to the development of
effective strategies for combating microbial infections. Our findings verified those of a study where the
inhibitory effect of Ch-AgNPs was assessed against Enterococcus faecalis and Pseudomonas
aeruginosa. It’s notable that the findings contrast with the results from a similar study where no
antifungal effect of Ch-AgNPs was observed against Aspergillus species (Raza et al., 2021).

Table 2. The mean zone diameters of AgNPs and Ch-AgNPs as measured by disk diffusion method

Average zones of inhibition (mm)

Test microorganisms AgNPs Ch-AgNPs Gentamicin Fluconazole

(ng/disk) (pg/disk) (ng/disk) (ng/disk)

15 20 15 20 10 10
Escherichia coli 14 17 16 21 18 -
Pseudomonas aeruginosa 19 20 23 25 13 -
Staphylococcus aureus 10 13 13 21 19 -
Enterococcus faecalis 19 20 25 25 19 -
Candida albicans 19 21 22 28 - 14

3.5. Minimal inhibitory concentration (MIC) of AgNPs and Ch-AgNPs against test microorganisms

The MIC of both AgNPs and Ch-AgNPs was conducted using the microdilution method in which serial
dilutions of the nanoformulations were meticulously prepared to modulate their concentrations across a
spectrum ranging from 0.046 to 60 pg/mL. This range determined according to the literature allows for
a comprehensive assessment of the antimicrobial activity of the nanoparticles across various
concentrations. As seen in Table 3, the Ch-AgNPs demonstrated significantly smaller MIC values
compared to bare AgNPs (p<0.05). The observation that MIC values for Escherichia coli, Pseudomonas
aeruginosa, Staphylococcus aureus and Enterococcus faecalis were halved for Ch-AgNPs compared to
those of AgNPs. The finding that the MIC value for Candida albicans was further reduced to a third
with Ch-AgNPs compared to bare AgNPs is particularly intriguing. The larger zones of inhibition
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observed in the disk diffusion assay corroborate the findings from the MIC determination, indicating
that Ch-AgNPs possess stronger antimicrobial efficacy at lower concentrations. As seen in Table 3, Ch-
AgNPs had the same MIC value as gentamicin used as a positive control for Pseudomonas aeruginosa.
The study produced findings comparable to those outlined, indicating MIC values spanning from 10
pg/mL to 40 pg/mL for Ch-AgNPs against the examined Gram-positive and Gram-negative bacterial
strains. This finding indicates that Ch-AgNPs effectively inhibited the growth of both types of bacteria
within a relatively narrow concentration range (Farhadi et al., 2022).

Table 3. The MIC values for the AgNPs and Ch-AgNPs

MIC values (ng/mL)
Test microorganisms AgNPs Ch-AgNPs Gentamycine Fluconazole
Escherichia coli 3.75 1.86 3.75 -
Pseudomonas aeroginosa 1.86 0.94 0.94 -
Staphylococcus aureus 6.0 3.0 0.94 -
Enterococcus faecalis 0.94 0.48 3.75 -
Candida albicans 3.75 0.94 - 3.75

4. Conclusions

In our previous study, silver nanoparticles were synthesized by green synthesis method, optimized and
characterized successfully for further use. In current study, the synthesis and characterization of both
silver nanoparticles (AgNPs) and chitosan coated silver nanoparticles (Ch-AgNPs) have been
successfully achieved by green synthesis method which is eco-friendly, simple and cheaper method. The
integration of metal nanoparticles with biopolymers as Chitosan is becoming increasingly crucial for
improving the safety profiles of formulations and assessing their biological activities. Through various
analytical techniques such as UV-Vis spectroscopy, FTIR analysis, and X-ray diffraction, the formation,
structure, and properties of these nanoparticles have been elucidated. Furthermore, biological activities
of these nanoparticles have been explored, demonstrating promising potential in various biomedical
applications. The results suggest that both AgNPs and Ch-AgNPs exhibit desirable properties for
applications such as drug delivery, wound healing, and antimicrobial therapy. Further studies are
warranted to fully understand their mechanisms of action and optimize their performance for specific
biomedical applications. In conclusion, the synthesis, characterization, and biological activities of silver
nanoparticles and chitosan nanoparticles represent a significant step forward in the development of

advanced nanomaterials for biomedical applications especially with their safety profiles.
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