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Abstract 

The efficient delivery of natural bioactive compounds remains a major challenge due to their poor aqueous 

solubility, volatility, and limited stability.  This study details the fabrication of an antibacterial system based 

on polycyclodextrin (PCD) network anchored to the surface of silver nanoparticles (NPs) (Ag/PCD 

nanostructure (NS)) for efficient loading and controlled delivery of carvacrol (CV), as a natural bioactive agent 

(Ag/PCD@CV). This system was characterized using FT-IR, XRD, TGA/DSC, FE-SEM, EDX mapping, zeta 

potential analysis and UV-Vis spectroscopy. In vitro release studies exhibited a sustained CV release behavior 

(~72 %) in Ag/PCD@CV NS over 48 h. Free radical scavenging activity increased from 21.6 ± 3.4 % in Ag 

NPs to 73.5 ± 3.4 % in Ag/PCD@CV, as measured by the DPPH assay, implying strong antioxidant potential 

of CV. The MTT assay using L929 fibroblasts demonstrated a reduction in the cytotoxicity of Ag NPs 

following PCD coating, while Ag/PCD@CV exhibited a cell viability of 72.3 ± 2.4 % under the studied 

conditions.  Simultaneously, Ag/PCD@CV demonstrated enhanced antibacterial efficacy, showing 

approximately 56 % greater inhibition against Staphylococcus aureus (S. aureus), compared to Ag/PCD. 

Overall, the results presented in this work demonstrate the potential of Ag/PCD@CV as a multifunctional 

bioactive delivery system, exhibiting sustained CV release, antioxidant activity, good cell viability, and 

enhanced antibacterial activity against S. aureus. These findings support further investigation of Ag/PCD@CV 

NS as a bioactive platform with antibacterial potential. 

Keywords: Antimicrobial, Antioxidant, Silver Nanoparticles, Carvacrol, Polycyclodextrin 
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1. Introduction 

Bacteria, as a major component of the microbiota, are beneficial to the host. They are involved 

in mechanisms including modulating the metabolic phenotype, regulation of digestion, epithelium 

evolution, influencing the innate immune responses and preventing the colonization of opportunistic 

pathogens. However, bacterial infections, which could occur due to intrinsic and extrinsic parameters, 

disrupt the coexistence equilibrium between bacteria and the host [1,2]. This could lead to one of the 

major global health problems and exacerbate the prevalence of antibiotic resistant bacteria [3]. 

Considering this important issue, the World Health Organization  (WHO) released a list of multidrug-

resistant (MDR) pathogens such as Staphylococcus aureus  (S. aureus) and Escherichia coli  )E. coli ( 

[4,5]. Consequently, given their ability to adapt and evade the effectiveness of diverse treatments 

while simultaneously transferring their resistance to other organisms, it becomes essential to search 

for alternative treatments against these bacteria [6]. The need to combat infections, especially those 

attributed to MDR bacteria, necessitates the development of new antibiotics and novel technological 

strategies for their delivery [7]. 

To address this challenge, nanotechnology has attracted the attention of microbiologists. It has 

emerged as a highly effective and beneficial therapeutic approach against microbes and offers 

significant potential due to its efficacy and remarkable therapeutic index [8,9]. With the development 

of nanotechnology, various types of nanomaterials with high antibacterial activity have received great 

attention in many fields. By changing their size, surface properties, or even the employed materials, 

nanoparticles (NPs) have emerged as promising platforms for antimicrobial applications and 

therapeutic delivery [10,11]. 

Among NPs, metallic NPs (MNPs), particularly zinc oxide (ZnO), copper oxide (CuO) and silver 

(Ag) NPs, have attracted considerable attention because of their distinctive physical, optical, chemical, 

and antibacterial properties. They could be synthesized by various procedures with the capability to 

tune their size, shape and morphology and could be modified using various agents [11,12]. Among 
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them, Ag NPs, in particular, exhibit broad-spectrum antibacterial activity through direct interactions 

with bacterial cells, disruption of the cell wall and cytoplasmic membrane, interference with essential 

cellular processes, and generation of reactive oxygen species (ROS) [13,14]. Supported Ag-based 

nanostructures have also been investigated for biological applications. For example, Nazari et al. 

developed a γ-Fe₂O₃@C/PIDA nanostructure to stabilize Ag NPs and evaluated its bioactivity and 

antimicrobial performance [15]. However, their large specific surface area makes Ag NPs prone to 

aggregation, resulting in poor dispersibility and limited loading capability. To overcome these 

limitations, Ag NPs are functionalized by surface modification using non-toxic organic substances and 

biocompatible compounds like carbohydrates [16]. Cyclodextrins (CDs) are carbohydrate-based 

compounds that have been introduced as potential materials for the functionalization of Ag NPs. 

Andrade et al. reported βCD-coated Ag NPs in which βCD formed a stabilizing layer around the Ag 

NPs' surface, and the resulting NPs exhibited antibacterial activity against E. coli [17]. However, 

individual CD molecules contain isolated hydrophobic cavities and lack an extended architecture with 

multiple accessible host sites. Within this context, polycyclodextrins (PCDs) have been widely studied. 

They are crosslinked materials in which multiple CD cavities are integrated into a three-dimensional 

porous network. This architecture provides multiple host sites for hydrophobic compounds, while the 

oxygen-containing functional groups of PCDs can interact with Ag NPs surface [18-20]. These features 

make PCDs a promising platform for integrating Ag NPs with hydrophobic bioactive compounds  [21].  

Carvacrol (CV) is a monoterpenoid phenolic compound and a major constituent of essential oils 

(EOs) extracted from oregano, thyme, marjoram, and summer savory.  It exhibits antimicrobial, 

antioxidant, anticancer, anti-inflammatory, immunomodulatory, and larvicidal activities, making it 

attractive for food and pharmaceutical industries [22,23]. However, its hydrophobicity, high 

volatility, strong odor, and limited stability restrict its practical use [24]. Inclusion complexation with 

βCD has therefore been investigated to improve the physicochemical properties of CV [25,26]. 

Trindade et al. reported a CV/βCD inclusion complex and demonstrated improved aqueous solubility 
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and bioavailability of CV [27]. These findings highlight the potential of CD-based systems for the 

incorporation of CV and provide a rationale for extending this approach to crosslinked PCD networks. 

Combining bioactive compounds with MNPs has been explored as a promising strategy for 

developing multifunctional systems with complementary antibacterial and therapeutic activities [28]. 

In particular, previous studies have investigated the functionalization of MNPs with CD-based 

systems and the use of CD inclusion complexes for CV delivery, demonstrating the potential of these 

approaches to improve antimicrobial performance and bioactive compound delivery [29,30]. 

However, these studies have mainly focused on conventional CD-based systems, in which individual 

CD molecules or CD-functionalized MNPs provide the host environment for CV. In contrast, the 

present approach employs a crosslinked PCD network in which multiple CD cavities are integrated 

into a porous three-dimensional polymeric architecture associated with Ag NPs, thereby providing a 

porous host architecture for the incorporation and controlled release of CV. To the best of our 

knowledge, such an Ag/PCD@CV nanostructure (NS), integrating Ag NPs and CV within a porous 

crosslinked PCD network, has not previously been reported. 

In the present study, an Ag/PCD@CV NS was developed by forming a porous three-dimensional 

crosslinked PCD network in the presence of Ag NPs, using βCD as the monomer and Epiclon as the 

crosslinking agent. The oxygen-containing functional groups of the PCD network enabled its 

interaction with the Ag NPs' surface, while the CD cavities provided host sites for the subsequent 

incorporation of CV through host–guest interactions. The resulting NS was evaluated in terms of CV 

loading and release behavior, antioxidant activity, cytotoxicity, and antibacterial performance to 

assess its potential as a multifunctional bioactive delivery system. 

 

2. Materials and methods 

2.1. Chemicals 

Silver nitrate (≥ 99.9 %, AgNO3), Sodium borohydride (≥ 98.0 %, NaBH4), Carvacrol (≥ 98.0 %, 
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5-isopropyl-2-methylphenol, CV), β-cyclodextrin (≥ 97.0 %, βCD), Epiclon B-4400 (≥ 98.0 %, EPI), 

Triethylamine (≥ 99.5 %, Et3N), Dimethyl sulfoxide (≥ 99.0 %, DMSO), methanol (≥ 99.5 %) and 

ethanol (≥ 99.5 %) were obtained from Merck (Darmstadt, Germany). Fetal bovine serum (FBS), 

Dulbecco’s modified Eagle Medium (DMEM), (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide (MTT powder), 2, 2-diphenyl-1-picrylhydrazyl (DPPH), Ascorbic acid (AsA), 

Tween-80 (a non-ionic surfactant) and phosphate buffered saline powder (pH = 7.4, PBS) were 

purchased from Sigma–Aldrich (St. Louis, MO, USA). The strain of S. aureus ATCC 25923 was 

obtained from the persian type culture collection (Tehran, Iran). The L929 fibroblasts were purchased 

from the National Cell Bank of Iran (Pasteur Institute; Iran). 

 

2.2. Synthesis of Ag NPs 

The synthesis of Ag NPs was carried out using the chemical reduction approach [31]. Briefly, 10 

ml of an aqueous solution of AgNO3 (1 mM) was prepared and stirred at room temperature. Then, 30 

ml of a freshly prepared NaBH4 solution (2 mM) was poured dropwise to the latter solution under 

vigorous stirring for 30 min. The use of freshly prepared NaBH4 ensured its effective reducing activity, 

while its dropwise addition under vigorous stirring promoted a relatively rapid and homogeneous 

reduction of Ag⁺ ions throughout the reaction medium. These conditions favor the formation of Ag 

nuclei within a short period and helps limit uncontrolled subsequent particle growth and aggregation. 

The color gradually changed from colorless to distinct yellow, indicating the formation of reduced Ag 

NPs. The visual stability of the Ag NPs dispersion was also monitored immediately after synthesis and 

after 24 h of storage. No obvious macroscopic precipitation or visible aggregation was observed after 

24 h (Fig. 1), supporting the stability of the synthesized Ag NPs over the observation period. The 

resulting precipitate was centrifuged at 11000 rpm for 10 min, washed three times with deionized (DI) 

water and dried under vacuum for 24 h. The final recovery yield of Ag NPs was approximately 90%. 
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Fig. 1. Visual appearance of the Ag NPs dispersion immediately after synthesis (0 h, left) and after 24 h of 

storage (right). 

 

2.3. Synthesis of Ag NPs coated with PCD (Ag/PCD NSs) 

Firstly, Ag NPs (1  g) were dispersed in DMSO (10 ml). Then, βCD (1 mmol) and Et3N  (1 ml) 

were added to this dispersion. It was stirred at room temperature for 3 h. In the next step, EPI (8 

mmol) was poured and the reaction was stirred for another 3 h. Ag NPs coated with PCD (Ag/PCD 

NSs) were collected by centrifugation  at 9000 rpm for 10 min, washed with ethanol 3 times and dried 

under vacuum for 24 h [32]. The final recovery of the dried Ag/PCD NSs was approximately 70%. 

 

2.4. Loading of CV into the Ag/PCD NSs (Ag/PCD@CV) 

CV was loaded into Ag/PCD NSs according to the inclusion complexation (IC) method [33]. 

Briefly, 3 mg of Ag/PCD NSs were dispersed in PBS (1 ml, pH = 7.4). A solution of CV in ethanol 

(1 ml containing 2 mg of CV) was added dropwise to the suspension. The mixture was stirred at room 

temperature in the dark for 24 h to facilitate the incorporation of CV into the CDs cavities and PCD 

pores. The Final sample (Ag/PCD@CV) was isolated by centrifugation at 11,000 rpm for 10 min, 

washed with DI water to eliminate unloaded CV, and finally dried under vacuum for 24 h. To estimate 

CV loading efficiency and capacity, the content of the unloaded CV in the supernatant was measured 

from a calibration curve (R2 ≥ 0.99) of CV standard concentrations in ethanol solution using UV-Vis 

spectroscopy at 274 nm. CV loading ratios of the samples were calculated using the following 
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equations (1 and 2): 

CV laoding efficiency (LE, %) =
mass of loaded CV

mass of initial CV
   × 100                    (1) 

CV loading capacity (LC, %) =
mass of loaded CV

mass of final product
   × 100                    (2) 

 

2.5. In vitro CV release assay 

The release profile of CV from Ag/PCD@CV NSs was assessed using the reported method [33]. 

5 mg of Ag/PCD@CV was dispersed into 10 ml of PBS solution containing Tween-80 (0.1% w/v) at 

pH = 7.4. The release assay was carried out at 37 °C under dark condition by gentle shaking at 100 

rpm. Sampling was performed at predetermined time intervals. At each time point, Ag/PCD@CV 

NSs were centrifuged at 11000 rpm for 10 min. 1 ml of the supernatant was replaced with an equal 

volume of fresh buffer solution to maintain sink conditions. The cumulative CV percentage release 

was determined by UV-Vis spectrophotometry (at 274 nm). A Standard solution of CV was applied 

to create the calibration curve of the released CV. 

 

2.6. Antioxidant activity assessment 

The DPPH free radical scavenging assay was applied to assess the antioxidant capacity of 

prepared samples, with AsA acting as a positive control and PBS serving as the negative control. 

Firstly, a 0.1 mM DPPH solution was prepared in methanol and stored in the dark condition. Then, 

1.4 mg.ml-1 dispersions were prepared by dispersing the specimens in 4 ml of the DPPH solution. 

The solutions were thoroughly mixed and incubated in the dark for 120 min at room temperature. The 

absorbance at 517 nm was recorded using a microplate reader (Spectra Max Plus 384, Molecular 

Devices, USA) [34]. The percentage of inhibition of free radicals was calculated using the equation 

(3): 

DPPH scavenging (%) =
(Az− Ap)

Az
   × 100                      (3) 
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where Az is the absorbance of the blank (DPPH solution without samples) and Ap is the absorbance 

of the sample. 

For concentration-dependent evaluation, samples of Ag NPs and Ag/PCD@CV were obtained at 

different concentrations (0.2, 0.4, 0.6, 0.8, 1.0, 1.2, and 1.4 mg.ml-1) in 4.0 ml of 0.1 mM DPPH 

solution. The mixtures were incubated under the same conditions, and absorbance was recorded in 

order to assess their capacity to scavenge radicals.  

 

2.7. Cytotoxicity assay 

The cytotoxicity of Ag, Ag/PCD and Ag/PCD@CV was tested by MTT assay using L929 

fibroblast cells. L929 cells were cultured in DMEM with 10 % FBS and 1 % penicillin-streptomycin, 

and incubated at 37 °C in an atmosphere of 5% CO2 for 24 h. Fresh medium containing the samples 

at doses of 10, 25, 50, 100 and 200 µg.well⁻¹ was then added to the wells, with a total volume of 200 

µl per well. Untreated cells were defined as control wells and cell-free wells were used as blanks. 

Triplicate (n = 3) was used to test each condition. The plates were incubated at 37 °C for 48 h. After 

treatment, MTT reagent (0.5 mg.ml−1) was added to each well and incubated for 4 h. Then, 100 µl of 

DMSO was added to each well and absorbance was read at 570 nm using a BioTek microplate reader 

(USA) [30]. Cell viability based on optical density (OD) was calculated via the following formula 

(4): 

Cell viability (%) =  
ODs−ODB

ODC− ODB
 × 100                     (4) 

where ODS is absorbance of the samples, ODB is absorbance of blank wells, and ODC is absorbance 

of untreated control cells. 

 

2.8. Antibacterial performance 

The agar diffusion method was used to determine the antibacterial activity of CV, Ag, Ag/PCD, 

and Ag/PCD@CV against S. aureus ATCC 25923. A bacterial suspension (100 µL, 10⁷ CFU ml-1) 
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was inoculated onto the agar surface. Then 100 µL of each tested sample at the concentration of 1.4 

mg ml-1 were deposited on the inoculated agar plates. Azithromycin was used as positive control and 

sterile DI water was used as negative control. Plates were incubated at 37 °C for 24 h. The 

antibacterial activity was determined by measuring the diameter of the inhibition zone in mm [35]. 

 

2.9. Statistical analysis   

Statistical analysis was performed using GraphPad Prism 9.0.0 (GraphPad Software, La Jolla, 

CA, USA). Data are expressed as mean ± standard deviation (SD). Experiments were performed in 

triplicate (n = 3). For multiple comparisons among sample groups at a single concentration level, such 

as the DPPH scavenging activity and antibacterial inhibition zone assays, one-way analysis of 

variance (ANOVA) was performed, followed by Tukey’s multiple-comparison post-hoc test. For 

DPPH and MTT assays that were concentration dependent, two-way ANOVA was used with 

sample/formulation type and concentration as two factors, followed by Tukey’s multiple-comparison 

post-hoc test. The statistical significance was set as *p < 0.05, **p < 0.01, ***p < 0.001 and ****p 

< 0.0001. 

 

2.10. Characterization instrument 

Fourier Transform Infrared (FT-IR) spectra were recorded by KBr pellet method using a Magna 

550 Nicolet FTIR spectrometer in the wavelength range of 400-4000 cm-1. Thermogravimetric 

analysis (TGA) and Differential scanning calorimetry (DSC) results were achieved using SDT-Q600 

V20.9 Build 20 instrument under inert condition at a heating rate of 10 °C min-1. The X-ray diffraction 

(XRD) studies were carried out by a STOE Theta–theta PowderDiffraction System, radiation 

(1.54060 Cu), generator (40 kV, 40mA) in the range of 2θ = 10° to 85°. Ultraviolet visible (UV–Vis) 

absorption spectra were measured with a Hewlett-Packard 8453 spectrometer (200–800 nm). The 

shape and size of the samples were characterized using field emission scanning electron microscope 
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(FE-SEM, Tescan/Mira, Czech Republic). In order to identify the elemental composition, EDX Unit 

(Energy Dispersive X-ray Analyses) and elemental mapping were performed. The zeta potential was 

calculated using by a ZEN3600 Zetasizer (Malvern Instruments) in DI water at room temperature.  

 

2. Results and discussion 

As illustrated in Fig. 2, Ag NPs were synthesized through the chemical reduction method. The 

surface of the Ag NPs was coated and functionalized with a PCD polymeric network. PCD was 

obtained by the simple polymerization of βCD using EPI as a cross-linking agent. The abundant 

oxygenated groups within the PCD structure facilitated its attachment to and stabilization of the Ag 

NPs surface, resulting in the formation of the stable Ag/PCD NSs. Finally, CV, as a bioactive 

molecule, was incorporated into the cavities of the CD units and the porous PCD matrix through host–

guest interactions and hydrogen bonding, respectively, resulting in the formation of Ag/PCD@CV.  

 

 

Fig. 2. Sequential steps for the preparation of Ag/PCD@CV NSs. 
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3.1. FT-IR analysis 

Fig. 3 shows the FT-IR spectra of CV, Ag NPs, free PCD, Ag/PCD and Ag/PCD@CV NSs. In 

the spectrum of Ag NPs (Fig. 3b), the intense and broad absorption bands in the range of 400-600 

cm-1 were assigned to Ag-related vibrations, while the peaks centered at 3365 and 1635 cm-1 were 

attributed to the stretching and bending vibrations of O-H groups, respectively [36]. In the case of 

free PCD, two obvious peaks at 1735 and 1577 cm-1 were observed, corresponding to the carbonyl 

(C=O) ester bonds and carboxylate (COO-) groups, respectively (Fig. 3c) [18] These bonds could be 

attributed to the linkage of the EPI anhydride rings as a crosslinking agent. The spectrum of Ag/PCD 

(Fig. 3d) exhibited a band at 1715 cm-1 corresponding to the carbonyl ester bonds in PCD. A slight 

shift to the lower frequencies was observed compared with bare PCD. This could be due to the 

interactions between Ag NPs and oxygenated functional groups of the PCD matrix [32]. Furthermore, 

the characteristic O–H stretching band of PCD at 3414 cm⁻¹ shifted to 3345 cm⁻¹ in Ag/PCD. This 

shift indicates a change in the hydrogen-bonding environment following the interaction of PCD with 

the Ag NPs. These interactions might play an important role in the stabilization and coating of the Ag 

NPs by the PCD. The spectrum of free CV (Fig. 3a) exhibited characteristic band at 1250 cm-1, 

corresponding to the phenolic C-O stretching vibration. After CV incorporation, this band was 

markedly attenuated in the Ag/PCD@CV spectrum (Fig. 3e). Moreover, the O-H stretching band 

shifted from 3345 cm-1 in the Ag/PCD spectrum to 3334 cm-1 in the Ag/PCD@CV spectrum, 

indicating changes in the hydrogen-bonding environment due to interactions between the phenolic O-

H group of CV and the hydroxyl groups of PCD [33]. 

 

3.2. XRD analysis 

Crystallinity of Ag NPs and Ag/PCD NSs is investigated using X-ray diffraction technique. As 

shown in Fig. 4, the characteristic peaks of Ag NPs at 2θ = 38.98, 43.95, 65.71, 77.23 and 81.89 ° 

were attributed to the (111), (200), (220), (311) and (222)  Bragg’s  planes,  respectively.  The results  
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Fig. 3. FT-IR spectra of CV (a), Ag NPs (b), free PCD (c), Ag/PCD (d) and Ag/PCD@CV NSs (e). 

 

 

Fig .4. XRD patterns of Ag NPs, bare PCD, Ag/PCD and Ag/PCD@CV NSs. 

 

are in good agreement with reflection patterns of JCPDS file no: 84-0713 corresponding to the face-

centered cubic (fcc) structure of Ag NPs [37,38]. The Bragg diffraction angles remained intact in the 

case of Ag/PCD NSs, indicating preservation of the crystalline structure of Ag NPs during the surface 

modification process. Although, the reduced intensity of Ag peaks in Ag/PCD could be attributed to 

the presence of the amorphous PCD polymeric layer on the NPs surface. The characteristic diffraction 
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pattern of Ag was also retained after CV loading in Ag/PCD@CV NSs, indicating that the incorporation 

of CV did not alter the crystalline structure of the Ag core. Moreover, no distinct additional crystalline 

diffraction peaks attributable to CV were observed in the Ag/PCD@CV pattern, suggesting that CV 

was not present as a separate crystalline phase and was likely dispersed within the PCD matrix [33,39].  

 

3.3. TGA analysis 

Fig. 5 indicates the weight loss curves of bare CV, Ag, Ag/PCD and Ag/PCD@CV. Pure Ag NPs 

showed a very limited weight loss of approximately 3.5 % below 200 °C, which could be attributed to 

the removal of physically adsorbed water molecules. The residual mass at 750 °C was approximately 

94.3 %, illustrating the high thermal stability of Ag NPs [40]. In the case of Ag/PCD, two degradation 

stages were observed during thermal decomposition. An initial weight loss of approximately 5% was 

observed below 130 °C, which was due to the evaporation of surface moisture. The second mass 

reduction, of about 15 % occurred between 130 and 750 °C, corresponding to the degradation of the 

PCD network [32]. Bare CV exhibited a 97.0 % weight loss below 200 °C, indicating its poor thermal 

stability  and  rapid  volatilization [41].  The  TGA  curve  of  Ag/PCD@CV  illustrated  significantly  

 

Fig. 5. TGA graphs of CV, Ag, Ag/PCD and Ag/PCD@CV NSs. 
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thermal stability compared to CV. The first weight loss of about 13.4 % below 200 °C could be 

attributed to the dehydration and decomposition of encapsulated CV. The second weight loss of about 

11.3 %, between 300 and 450 °C, might be due to the thermal destruction of the PCD shell located 

on the Ag NPs surface. The improved thermal stability of CV after encapsulation could be attributed 

to host–guest interactions and hydrogen bonding between CV molecules and the PCD matrix, which 

may restrict the volatilization and thermal decomposition of CV [42]. 

 

3.4. DSC analysis 

The DSC thermograms of free CV, Ag/PCD and Ag/PCD@CV are shown in Fig. 6. Pure CV 

exhibited an intense negative peak at 244 °C. This endothermic peak corresponds to its volatilization 

and thermal decomposition [43]. For Ag/PCD, a broad endothermic peak centered around 120 °C was 

observed, which was due to the elimination of adsorbed water molecules and dehydration of oxygen-

containing groups. Compared to pure CV, a remarkable reduction and broadening of the CV peak 

was observed around 170–220 °C. This phenomenon could be attributed to the restricted mobility of 

CV molecules after encapsulation [42]. The disappearance of the characteristic melting/endothermic 

transition of free CV supports the successful incorporation of CV within the Ag/PCD NS. 

 

Fig. 6. DSC graphs of CV, Ag/PCD and Ag/PCD@CV NSs. 
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3.5. Dynamic light scattering (DLS), Zeta potential, FE-SEM and elemental analyses 

DLS measurement was applied for determination of hydrodynamic particle size distribution of 

Ag and Ag/PCD NSs. Mean diameter of Ag and Ag/PCD NSs were 54 and 76 nm, respectively. The 

low polydispersity index (PDI ≤ 0.2) of the prepared samples illustrated a proper size distribution, 

indicating the formation of uniform NSs. The zeta potential values of Ag, Ag/PCD, and 

Ag/PCD@CV NSs were determined to be −18.6±1.4, −34.2±1.4, and −25.1±1.5 mV, respectively 

(Fig. 7a) [44]. The negative surfae charge value of Ag/PCD was higher than that of nake Ag NPs. 

This could be attributed to the existence of the negatively hydroxyl and carboxyl functional groups 

of PCD network [32]. The zeta potential of Ag/PCD@CV was −25.1 mV indicating that negative 

charges of Ag/PCD was decreased by inclusion of CV molecules within the CD cavities and their 

interaction with the oxygenated groups of PCD [25]. Nevertheless, the negatively charged NPs have 

low tendency to agglomeartion, suggesting good colloidal stability of the Ag/PCD@CV nanosystem. 

Fig. 7b present the FE-SEM image of Ag/PCD NSs illustrating a spherical morphology with uniform 

size distribution [45]. The mean size of Ag/PCD NSs was determined 45 nm. However, there was a 

slight agglomeration, which might be caused after NPs coating by PCD polymeric shell. 

 

Fig. 7. Zeta potential diagram for prepared samples (a) and FE-SEM image of Ag/PCD NSs (b). 

 

The EDX spectrum and elemental mapping of Ag/PCD NSs showed the presence of silver (82.0 

%), carbon (8.1 %) and oxygen (9.9 %) elements (Fig. 8 (a and b)). The corresponding elemental 
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mapping images further demonstrated the spatial distribution of Ag, C, and O throughout the NS, 

with a relatively uniform distribution of the detected elements and without obvious localized 

elemental segregation. These results support the successful formation of the Ag/PCD NSs and the 

relatively homogeneous distribution of PCD-associated elements around the Ag-based structure. 

 

Fig. 8. Elemental mapping (a) and EDX spectrum of Ag/PCD NSs (b). 

 

Taken together, the FT-IR, XRD, DLS, zeta potential, FE-SEM, and EDX results provide 

complementary evidence for the successful coating of Ag NPs with the PCD matrix. The shifts in the 

carbonyl and O–H bands, the increase in hydrodynamic size from 54 to 76 nm, the more negative 

zeta potential, and the presence and relatively uniform distribution of C and O around the Ag-based 

structure are consistent with the formation of a PCD coating on the Ag NPs. 

 

3.6. Loading efficiency of CV 

CV was loaded into the cone -shaped hydrophobic cavity of CD and the porous structure of the 

PCD polymeric network. The CV loading into the carrier could be attributed to the inclusion complex 

mechanism within the inner cavity of CD. Additionally, oxygen-containing groups of PCD could 

interact with the phenolic structure of CV through hydrogen bonding. The UV-Vis spectra of CV, Ag 

and Ag/PCD@CV are shown in Fig. 9. A characteristic peak at 425 nm was detected in the Ag NPs 

spectrum, which corresponds to the surface plasmon resonance of Ag NPs [46]. The characteristic 
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absorption band at 274 nm was observed for the solution of free CV [47]. The intensity of the peak 

decreased in the case of Ag/PCD@CV, accompanied by a slight hypochromic effect, peak broadening, 

and a shift in the maximum absorption wavelength compared to free CV. These changes, particularly 

the restricted mobility of CV molecules within the CD cavities, provide supporting evidence for the 

incorporation of CV within the PCD network. This pattern is consistent with previous studies on guest–

host interactions in CD-based nanocarriers  [48]. In other words, the inclusion complex may shield the 

aromatic chromophore from surrounding media [49]. A slight shift in the maximum absorption 

wavelength was seen in the case of Ag/PCD@CV, implying that the electronic structure of CV 

remained unchanged without significant chemical degradation. CV loading efficiency and capacity 

were 88% and 26%, respectively, suggesting the potential of the system for pharmaceutical 

applications. 

 

Fig. 9. UV-Vis spectra of CV, Ag and Ag/PCD@CV NSs. 

 

3.7. In vitro CV Release study 

The cumulative release profile of CV from Ag/PCD@CV was evaluated under physiological 

conditions and is presented in Fig. 10. The release pattern indicated a biphasic behavior characterized 

by an initial burst release followed by a sustained release phase. Firstly, CV was released from 
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Ag/PCD@CV in neutral pH (about 40 % after 6 h). This phenomenon could be attributed to the 

diffusion of weakly adsorbed CV molecules from the carrier. Due to the controlled and prolonged 

release behavior, the release rate gradually declined. The cumulative release reached approximately 

72% after 48 h. The hydrophilic nature of PCD layer could result in rapid hydration upon contact with 

aqueous media. As water penetrates into PCD polymeric matrix, it expands, thereby facilitating the 

diffusion the weakly entrapped CV. Therefore, a rapid burst release was observed in the early stages. A 

rapid initial release may be beneficial for the initial reduction of microbial burden and suppression of 

microbial viability. In the next phase, a slower and sustained release profile was observed. This pattern 

could be attributed to the formation of inclusion complex [50]. The encapsulated CV molecules within 

CD’s cavities exhibited a slower diffusion rate from PCD network [51,52]. Furthermore, hydrogen 

bonding interactions between the phenolic structure of CV and the oxygenated groups of PCD might 

resulted in stronger retention of the CV within the system [53]. On the other hand, interactions between 

CV and the Ag NPs’s surface could contribute to the slower release profile. Coordination interactions 

could limit molecular mobility, thereby delaying diffusion into the surrounding medium. These 

interactions could enhance the stability of the encapsulated CV and contribute to the prolonged release 

profile after the rapid phase. The prolonged release is desirable for maintaining antimicrobial activity 

over an extended period [54]. 

 

Fig. 10. Release profiles of CV from Ag/PCD@CV at pH = 7.4. 
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For CV incorporation, the combined FT-IR, XRD, TGA, DSC, loading, and release results 

provide converging evidence for the association of CV within the PCD matrix through host–guest 

and hydrogen-bonding interactions. The changes in CV-related FT-IR bands and hydrogen-bonding 

environment, absence of a distinct crystalline CV phase, altered thermal behavior of CV, high loading 

capacity (26 %), and biphasic release profile collectively support CV incorporation within the PCD 

matrix rather than simple physical adsorption alone. 

 

3.8. DPPH radical scavenging activity 

Fig. 11a presents the DPPH radical scavenging efficiency of the samples. AgNPs exhibited 

relatively low scavenging activity (21.6 ± 3.4 %), which could be attributed to the limited inherent 

electron-donating capability of metallic NPs [55]. Ag/PCD NSs showed a slightly higher activity 

(37.9 ± 3.1 %) compared to bare Ag NPs, which may be related to the presence of carboxyl and 

hydroxyl groups on the PCD matrix. These functional groups could donate hydrogen atoms to 

neutralize free radicals and improve the dispersion of NPs in the media. However, due to the absence 

of strong radical-scavenging functional groups, the overall antioxidant contribution of the PCD layer 

is limited. Upon loading CV into the Ag/PCD NSs, a significant enhancement in DPPH radical 

scavenging activity was observed. The Ag/PCD@CV formulation illustrated a markedly higher 

scavenging efficiency (73.5 ± 3.2 %) in comparison with Ag (21.6 ± 3.4 %) and Ag/PCD NSs (37.9 

± 3.1 %) (p < 0.05). This enhancement is attributed to the presence of CV. It is a phenolic 

monoterpenoid with a hydroxyl group (OH) capable of donating hydrogen atoms for the 

neutralization of free radicals. The antioxidant capability of CV mainly proceeds via  hydrogen atom 

transfer (HAT) and single-electron transfer (SET) processes. This leads to the formation of a 

resonance-stabilized phenoxyl radical, which prevents further oxidative damage [56]. Moreover, CV 

has been reported to enhance intracellular glutathione levels and may contribute to antioxidant 

defense through interactions with endogenous antioxidant systems [57,58]. In addition, the PCD 
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matrix, with high capacity for CV loading, improved aqueous stability, and controlled release, plays 

a key role in enhancing the effective antioxidant performance of CV. The CV was loaded into the 

hydrophobic cavity of CD and the porous structure of PCD [52,59]. This phenomenon results in fewer 

active molecules of CV being directly accessible, which may reduce radical scavenging activity 

compared to free CV (83.6 ± 2.7). As shown in Figure 11b, a dose-dependent manner was observed 

in both bare Ag NPs and the Ag/PCD@CV formulation in DPPH radical scavenging activity. The 

Ag/PCD@CV efficiency increased from 41.3 ± 3.0 % (0.2 mg ml-1) to 73.5 ± 3.2 % (1.4 mg.ml-1). A 

similar but much weaker trend was seen in the case of Ag NPs (from 10.8 ± 1.9 % to 21.6 ± 3.4 %). 

These findings suggest that CV plays a crucial role in DPPH radical scavenging, supporting the strong 

antioxidant activity of the Ag/PCD@CV formulation [60]. 

 

Fig. 11. DPPH Assay. Radical scavenging rate of samples (a) and Radical scavenging rate of Ag and 

Ag/PCD@CV at different concentrations (b).  

 

3.9. Cytotoxicity analysis 

The cytotoxicity of Ag, Ag/PCD and Ag/PCD@CV NSs was investigated in L929 fibroblast 

cells by MTT assay. Cell viability was determined after 48 h of exposure.  As shown  in Fig.  12, a 

dose-dependent response was observed for both pure Ag NPs and the functionalized formulations in 

the above cell line [61]. The Ag NPs displayed higher toxicity than Ag/PCD and Ag/PCD@CV NSs, 
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with cell viability decreasing to approximately 22 % in L929 cells. This could be attributed to the 

intrinsic toxicity of Ag NPs, which can generate reactive oxygen species (ROS), release Ag⁺ ions, 

and disrupt cellular membrane integrity. These effects induce oxidative stress and ultimately reduce 

cell viability [46,62,63]. A slight decrease in cell viability to about 72 % was observed in the case of 

Ag/PCD@CV. The relatively higher cytotoxicity of the Ag/PCD@CV formulation compared to 

Ag/PCD could be due to the concentration-dependent effects of CV on fibroblast cells and its gradual 

release from the PCD matrix. CV could induce oxidative stress and trigger apoptosis in mammalian 

cells via activation of the mitochondrial pathway [48]. However, the cell viability remained above 70 

%, which is considered the standard acceptance limit according to ISO 10993-5. Therefore, 

Ag/PCD@CV demonstrated acceptable L929 fibroblast cell viability under the testing conditions, 

with cell viability persisting above 70 % at dosages up to 200 µg.well⁻¹ after 48 h of exposure. 

 

Fig. 12. MTT assay. Cell viability of samples after 48 h incubation for different concentration of Ag NPs.  

 

3.10. Antimicrobial activity 

The antibacterial activity of the prepared samples was evaluated against S. aureus, and the 

inhibition zones are shown in Fig. 13. The results demonstrated that bare Ag NPs exhibited an 
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inhibition zone of 15.3 ± 0.6 mm, indicating their strong intrinsic antibacterial activity. Ag NPs can 

exert antibacterial effects through multiple mechanisms. Interaction with the bacterial cell membrane, 

interference with intracellular proteins and nucleic acids, release of Ag+ ions and generation of ROS, 

are among the mechanisms that can contribute to bacterial cell death [64, 65]. Ag/PCD exhibited the 

smallest inhibition zone of 10.5 ± 0.6 mm. Decoration of Ag NPs with PCD network resulted in a 

significant decrease in the inhibition zone compared with bare Ag NPs. This reduction could be 

attributed to the coverage of the Ag NPs surfaces by the polymeric PCD layer, which may limit their 

direct interaction with bacterial cell surfaces and reduce the accessibility or release of Ag⁺ ions. 

Although the PCD coating may reduce the antibacterial activity of bare Ag NPs, the MTT assay 

results indicated lower cytotoxicity of Ag/PCD toward L929 cells under the tested conditions. 

Free CV demonstrated notable antibacterial activity against S. aureus, showing a larger inhibition 

zone than Ag/PCD (inhibition zone of 12.4 ± 0.3 mm). This is mainly attributed to the phenolic 

structure of CV. It disrupts the integrity of the bacterial cell wall, enhances membrane permeability, 

and leads to leakage of intracellular constituents. In addition, CV can interfere with membrane-

associated proteins and cellular metabolic processes, thereby inhibiting bacterial growth [66-68]. 

Ag/PCD@CV exhibited the largest inhibition zone of 16.4 ± 0.6 mm , indicating an enhanced 

antibacterial effect against S. aureus. This enhanced activity may be attributed to the combined 

contribution of its components. Ag NPs generate ROS, which induce oxidative stress and damage 

essential cellular processes, while CV simultaneously interferes with membrane integrity. 

Furthermore, the PCD matrix acts as an efficient carrier for CV, improving its stability and enabling 

sustained release, thereby potentially contributing to prolonged antibacterial activity. Therefore, the 

larger inhibition zone observed for Ag/PCD@CV compared with the individual components suggests 

an enhanced antibacterial effect of the combined formulation. These findings are in agreement with 

previous reports demonstrating that the combined use of MNPs and bioactive phenolic compounds 

can enhance antibacterial efficacy compared with the individual components [69-71]. The enhanced 
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antibacterial activity of Ag/PCD@CV against S. aureus supports the further investigation of this 

formulation for potential antimicrobial applications. 

 

Fig. 13. Antimicrobial properties of the CV, Ag, Ag/PCD and Ag/PCD@CV. Quantitative results of the 

bacterial zone of inhibition (ZOI) diameter against S.aureus (a) and Photograph images of the ZOI against 

S.aureus (Ag (A), Ag/PCD (B), Ag/PCD@CV (C), CV (D), Control+ (E) and Control- (F) (b).  

 

4. Conclusion 

Based on the presented results, Ag/PCD@CV was successfully developed as a multifunctional 

bioactive NS for the efficient loading and controlled delivery of CV. The system exhibited sustained 

CV release (~72 % over 48 h), enhanced antioxidant activity, antibacterial activity against S. aureus, 

and a cell viability of 72.3 ± 2.4 % under the tested conditions. The developed concept integrates Ag 

NPs and CV within a crosslinked PCD network, where the porous three-dimensional PCD 

architecture provides both the inherent cavities of CD units and the porous structure of the crosslinked 

network for CV incorporation, while also contributing to the stabilization of Ag NPs. Compared with 

conventional Ag/CD and CD@CV systems, this integrated architecture combines the antibacterial 

properties of Ag with the antioxidant and bioactive properties of CV within a single PCD-based 
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nanostructure. Further studies should focus on long-term stability and in vivo evaluation to further 

establish its potential for antibacterial and bioactive delivery applications. 
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