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The biological efficacy of nanocomposites comprised of chitosan, CuO nanoparticles, and extracts 
of Phyllanthus emblica, and Syzygium aromaticum was studied. The study assessed the pH– and 
ionic strength-responsive controlled release of the bioactive compounds, gallic acid, ellagic acid 
and eugenol, from the chitosan biopolymer. Release data were fitted into zero-order, first-order, 
Korsmeyer–Peppas (KP), Peppas–Sahlin (PS), Higuchi, and Hixson–Crowell kinetic models to evaluate 
the release mechanism. According to KP and PS models (R2 ≥ 0.96), release was governed by quasi-
Fickian diffusion (n < 0.43), where the diffusion occurs along with the polymer relaxation and swelling. 
P.emblica-coated chitosan (PeC) composite exhibited a burst release at acidic media conditions, 
and a quasi-Fickian diffusion at pH 5.5–7.4. Higher ionic strength caused salting-in effects for PeC in 
0.4 M media, resulting in a transiently increased release. In acidic conditions, diffusion-controlled 
release was observed for S.aromaticum-coated chitosan (SaC) composite, with the optimal release 
at pH 4 media. Release was facilitated by hydrophobic nanochannels at elevated pH (8.5–10) and 
ionic strength of 0.5 M NaCl. The PS model’s relaxation contributions were significant at 0.4 M NaCl 
and 5 mg drug loading. Both composites demonstrated enhanced release at physiological conditions 
(0.1–0.2 M NaCl, pH 7.4). Sustained release of SaC was achieved in near-neutral/moderate ionic 
strength media, whereas PeC exhibited sustained release in acid/low ionic strength media. The PeC and 
SaC composites showed IC50 values of 10.78 µg/mL and 19.27 µg/mL for the DPPH radical scavenging 
ability, respectively. Recorded IC50 values for the egg albumin denaturation assay were 467 µg/mL 
and 390.44 µg/mL, respectively. The antibacterial activity against Escherichia coli, Pseudomonas 
aeruginosa, Klebsiella pneumoniae, and Staphylococcus aureus showed maximum inhibition zones of 
11.83 ± 0.06 mm (Chitosan: CuO 1:2), 12.67 ± 0.20 mm (1:4), 16.50 ± 0.09 mm (1:4), and 11.83 ± 0.08 mm 
(4:1), respectively. Among the herbal-coated samples, SaC exhibited the highest activity of 
23.67 ± 2.84 mm against E. coli.
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The range of dosages that maximize therapeutic effectiveness while avoiding undesirable side effects or toxicity 
is known as a therapeutic window or safety window. Maintaining the dosage within this range guarantees both 
efficacy and safety1. Although plant derived phytochemicals possess beneficial pharmacological properties, 
they have limited bioavailability due to poor solubility and stability2. Toxicity is also another concern related 
to the pharmaceutical constituents, specifically when the higher dosages are used to overcome issues related to 
bioavailability3. Chemical modifications, encapsulation and the use of delivery systems are employed to reduce 
toxicity while enhancing bioavailability, stability, and dispersibility. Phyllanthus emblica, commonly known 
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as Alma or Indian gooseberry, is a deciduous tree of the family Phyllanthaceae4. Phyllanthus emblica has a 
variety of medicinal qualities, such as anti-inflammatory, anti-oxidant 4,5, anti-cancer6,7, immunomodulatory8, 
cytoprotective9, anti-viral10, anti-jaundice11, anti-dyslipidemic12, anti-ageing13, hepatoprotective14, 
nephroprotective15, and anti-diabetic16 effects. The main phenolic components of P. emblica fruits are 
hydrolyzable tannins, which account for 35% of the powdered dried fruit and 4% of the fresh fruit weight. The 
two primary categories of hydrolyzable tannins, known as gallotannins (esters of gallic acid) and ellagitannins 
(esters of ellagic acid), are extensively distributed in many plant families. The bioavailability of ellagitannins 
and ellagic acid in P. emblica has not been extensively studied. However, research on other sources of these 
compounds, including Punicacea17 and Rosaceae18, suggest poor bioavailability has resulted due to the lower 
absorption in the small intestines and breakdown into less potent antioxidant forms19.

Syzygium aromaticum, commonly known as clove, is a dried flower bud belonging to the family Myrtaceae20. 
Clove is excessively used as a pharmacological substance for its antibacterial21, antiviral22, anti-inflammatory20, 
antioxidant23, anti-carcinogenic24, anti-thrombotic25 and anti-parasitic26 activities. Clove buds have 15–20% 
essential oil, mainly composed of eugenol (70–85%), eugenyl acetate (15%) and β-caryophyllene (5–12%)27. 
Eugenol can, however, result in systemic toxicity at higher dosages, which can harm the liver and produce 
additional adverse reactions28. Eugenol has low oral bioavailability (4%), even after administering 20 mg/kg of 
eugenol intravenously for rat models29. Therefore, to address the dual challenges of toxicity and bioavailability, 
it is proposed that intestinal absorption be reduced by designing targeted drug delivery systems with sustained 
release to maintain therapeutic doses over time without reaching harmful peak concentrations.

With its antibacterial30, catalytic31, anti-carcinogenic32, and biosensing properties33, copper oxide (CuO) 
nanoparticles (NPs) are versatile and affordable materials with important biomedical applications. CuO NPs 
have special physicochemical qualities, including occurrence in various oxidation states and thermal stability 
and chemical inactivity due to the lower band gap energy (~ 2  eV)34. Because of their potent antibacterial 
activities, which are effective against a wide range of gram-positive and negative bacteria34, CuO NPs are used in 
nosocomial infections and wound dressings35. Studies have shown CuO NPs can be coated with plant extracts, 
improving the inherent antimicrobial activity36. Nevertheless, toxicity issues restrict their application since 
CuO NPs can produce reactive oxygen species (ROS), which can harm cells (specifically mammalian cells) and 
DNA37. Thus, it is essential to guarantee biocompatibility and non-toxicity for their safe use in clinical and 
diagnostic contexts.

Drug delivery systems facilitate the sustained release of the drug over a prolonged period, preventing its 
premature degradation before it reaches the targeted site38. A variety of approaches have been used in the 
construction of drug delivery systems in recent studies, including liposomes39, nanoemulsions40, drug-coated 
nanoparticles41 and polymer-based approaches42,43. Among the delivery systems, bio-polymeric nanoparticles 
have received the greatest attention because of their superior biocompatibility, capacity to store hydrophilic 
or hydrophobic drugs, significant stability, and potential for administration via many routes38. For instance, 
Gaur et al.44 used PLGA and chitosan for protein-based drugs; Yadav et al.45 used a metal–organic framework 
(MIL-100(Fe)) for Norfloxacin; Zhang et al.46 developed a multilayer system (chitosan, hyaluronic acid, Eudragit 
S100) for dexamethasone; and Mohammadi et al47 used a nanocomposite hydrogel (carboxymethylcellulose, 
polyacrylic acid, starch-modified Fe3O4) for anticancer drugs (doxorubicin, 5-FU).

Chitosan, a derivative of chitin via n-deacetylation, is a desirable candidate due to its availability, ease of 
extraction, non-toxic nature, biocompatibility and biodegradability48. Intrinsic properties of chitosan, such as 
its bacteriostatic nature and anti-inflammatory activity, add further to the value of the biopolymer in medical 
applications49. In recent years, chitosan has been widely explored in creating drug delivery systems alone or 
in combination with other polymers. Studies by Adimmolam et al. reported the delivery of doxorubicin by 
chitosan stabilized magnetite nanoparticles50. Pulmonary delivery of Baclofen was achieved by Ni et al.51 
using functionalized trimethyl chitosan system, and Nair52 has delivered lipophilic curcumin using chitosan 
nanoparticles. Chitosan can also be used as a stabilizing, capping and chelating agent in the CuO NPs synthesis, 
which prevents the aggregation of the NPs and controls the shape and uniformity of synthesized NPs by regulating 
the bioavailability of ions during the synthesis process. Several studies have reported the use of chitosan as 
a capping and stabilizing agent in the CuO NPs synthesis53,54, and the enhanced antibacterial and anticancer 
activity of the nanocomposites composed of chitosan and CuO NPs was also reported in the literature55,56. 
Therefore, it is evident that the incorporation of chitosan into the CuO NPs can enhance the biological activity, 
specifically the antibacterial potential, of the nanocomposites. However, no studies were reported to test the 
antimicrobial activity of the chitosan/CuO nanocomposites in different ratios against a vast range of microbes.

In the current study, chitosan was used as a chelating agent during the hydrothermal treatment process of 
synthesizing the Chitosan: CuO (Chi: CuO) nanocomposites in different ratios. Even though chitosan has been 
utilized to deliver natural bioactive compounds like curcumin57,58, ellagic acid59, quercetin60, chlorogenic acid61 
and gallic acid62, to our knowledge the P. emblica extract and S. aromaticum extract coated chitosan biopolymers 
have not been studied for the effective release of bioactive compounds (gallic acid, ellagic acid and eugenol) using 
drug release kinetic models. In the current study, the drug release kinetics were studied using six kinetic models 
and the biological efficacy of the drug composite was evaluated. Further, antimicrobial activity of the synthesized 
CuO NPs, chitosan, Chi: CuO nanocomposites and plant extract coated composites were tested against test 
organisms Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae and Pseudomonas aeruginosa.

Materials and methodology
Chemicals and materials
Penaeus vannamei (shrimp) shells were sourced from Ceylon Catch (Pvt) Ltd., HCl (37%), methanol, and 
HNO3 (68%) were procured from Sigma Aldrich (Gillingham SP8 4XT, United Kingdom), NaOH pellets, 
CuSO4, Dimethyl sulfoxide (DMSO), and Folin–Ciocâlteu reagent (2N) were purchased from Sisco Research 
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Laboratories (Pvt) Ltd. (Mumbai, India), the herbs Phyllanthus emblica fruits, and Syzygium aromaticum dried 
flower buds were purchased from a local market in Kandy, Sri Lanka. Muller Hinton Agar (MHA) and Luria 
Bertani Broth (LB broth), DPPH (2,2-Diphenyl-1-picrylhydrazyl) were purchased from HiMedia Laboratories 
(Germany), Deionized water (DI), with resistivity greater than 18.0 MΩ.cm (Millipore Milli-Q system), was 
used in the experiments. All of the chemicals utilized in the experiments were of analytical grade and were used 
without further purification.

Bacterial pathogens used for the study, the test organisms, gram-negative Escherichia coli, Pseudomonas 
aeruginosa, Klebsiella pneumoniae, and gram-positive Staphylococcus aureus, were procured from the Medical 
Research Institute, Sri Lanka.

Synthesis of chitosan from shrimp shells
The sourced shrimp shells were washed several times with deionized water followed by two rounds of washing 
with isopropyl alcohol to remove impurities. The washed shells were then dried in an oven at 60 °C and crushed 
using a grinder until a fine powder consistency was achieved. Demineralization (removal of CaCO3 and 
Ca3(PO4)2) of shrimp shell powder was carried out next, by suspending the powder in a 10% (v/v) HCl solution 
for 24 h. Then, the acid was washed off with deionized water until a neutral pH was achieved. The resultant wet 
powder was then left in a 3% NaOH solution for 5 h while stirring to remove the proteins. Deacetylation was 
done next by refluxing the powder in 50% NaOH for 2 h at 80 °C, where chitin from the shells was converted to 
chitosan. After that, the powder was thoroughly washed with deionized water to remove the base, and a neutral 
pH was obtained. The resulting chitosan was then hydrothermally treated at 150 °C for 15 h, dried in an oven, 
and stored in an airtight container for further use and analysis.

Synthesis of CuO nanoparticles
The required weight of the CuSO4 powder to yield the desired CuO mass in chitosan: CuO ratios of 1:1, 1:2, 
1:3, 1:4, 2:1, 3:1, and 4:1 was calculated based on the stoichiometric conversion. The weighed CuSO4 powder 
was dissolved in a minimum amount of deionized water until a completely dissolved solution was obtained. 
1% NaOH solution was added to the mixture dropwise and stirred for two hours until a dark blue precipitate 
appeared. Then, stirring was continued overnight until a black precipitate was obtained.

Synthesis of the nanomaterial
Samples were synthesized in different weight ratios of chitosan:CuO as follows; Chitosan:CuO 1:1, 1:2, 1:3, 1:4, 
2:1, 3:1, 4:1. These are abbreviated in the text, as (Chi:CuO 1:1), (Chi:CuO 1:2), (Chi:CuO 1:3), (Chi:CuO 1:4), 
(Chi:CuO 2:1), (Chi:CuO 3:1), and (Chi:CuO 4:1) respectively. Required weights of both chitosan and CuO to 
obtain the above-mentioned ratios were measured. The two were mixed with the necessary amount of water and 
sonicated for 2 h to homogenize the solution. Then the mixture was hydrothermally treated at 150°C for 15 h to 
obtain the nanocomposites. Then the obtained samples were filtered and washed with deionized water until the 
samples were free of Cl− and SO4

2− ions, and a neutral pH was achieved. The washed samples were then oven-
dried at 100 °C until completely dried and stored for further analysis.

Preparation of herbal extracts
Phyllanthus emblica fruits and Syzygium aromaticum dried flower buds were cleaned using deionized water, cut 
into small pieces, and oven-dried at 40 °C overnight until the moisture completely evaporated and fully dried. 
The dried herbs were then ground to a fine powder. The powders were dissolved in methanol and were shaken 
in a rotary shaker for two days followed by ultrasonication for two hours at  °C. The sonicated mixture was then 
centrifuged for 3 min at 3000 rpm. Then the methanolic extract was taken and the pellet was discarded. The 
extract was then evaporated at 40 °C to get rid of the solvent and the extract concentrate was obtained.

Fabrication of loaded nanocomposites
Hydrothermally treated chitosan, CuO nanoparticles, and two chitosan/CuO nanocomposites (corresponding 
to the formulations with the highest chitosan and highest CuO content, respectively) were loaded with 
Phyllanthus emblica and Syzygium aromaticum methanolic extracts to obtain herb-loaded nanocomposites. The 
nanomaterials were dispersed in the plant extracts and subjected to slow solvent evaporation under continuous 
stirring to promote uniform surface coating. The coated nanocomposites were subsequently dried at 40  °C 
to eliminate residual moisture and were stored in desiccated, light-protected, airtight containers until further 
analysis.

Phytochemical analysis
The presence of several phytoconstituents including carbohydrates (Fehling’s, Benedict’s, iodine tests), proteins 
(ninhydrin), alkaloids, glycosides (Salkowski’s, Keller-Kilani’s tests), terpenes, steroids, flavonoids (alkaline 
reagent test), phenols and tannins, saponins, alkaloids was assessed in the in Phyllanthus emblica, and Syzygium 
aromaticum plant crude extracts in methanol. The analysis was conducted through a series of well-established 
precipitation and coloration reactions, as documented in standard reference literature. Methanol and aqueous 
media were employed as solvents for the tests63,64.

Material characterization
X-ray diffraction (XRD) patterns were acquired using a D8 Advance Bruker diffractometer equipped with Cu Kα 
radiation (λ = 0.154 nm). The diffraction angle (2θ) was scanned from 5 to 80° at a rate of 2°/min. The morphology 
of the synthesized nanocomposites was examined using transmission electron microscopy (TEM) on a JEOL 
JEM 2100 instrument operated at an accelerating voltage of 200 kV. Prior to TEM analysis, a 1 µL aliquot of the 
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sample was deposited onto a carbon-coated copper grid with holes and allowed to dry at room temperature. 
Scanning electron microscopy (SEM) images were obtained using a ZEISS EVO 18 RESEARCH instrument. 
Surface chemical composition and oxidation states were analyzed using X-ray photoelectron spectroscopy (XPS) 
on a Thermo Scientific ESCALAB Xi + spectrometer, which provided both survey spectra and high-resolution 
spectra of the synthesized catalysts. Optical properties were evaluated using a Shimadzu 1800 UV–visible 
spectrophotometer, which features a high-precision Czerny-Turner optical system. Raman spectroscopy was 
performed using a Bruker Senterra Raman microscope spectrophotometer to further characterize the structural 
properties of the samples.

Antioxidant assay
The antioxidant potential of Phyllanthus emblica, Syzygium aromaticum plant crude extracts, and herb-loaded 
chitosan was evaluated using a stable 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging assay. To the 
prepared concentration series (5, 10, 15, 20, 25 μg/mL) of the extracts, 0.5 mL of the 1 mM DPPH stock solution 
was added, and the absorbance was measured against the blank solution at 517 nm after 30-min incubation 
in the dark. All experiments were performed in triplicate (n = 3), and the results were expressed as mean % 
inhibition of the DPPH radical (RSA%) ± standard error (SE), calculated using the following formula:

	
RadicalScavengingActivity( RSA%) = Absofcontrol − Absofsample

Absofcontrol
× 100� (1)

The IC₅₀ value, representing the concentration of the sample required to scavenge 50% of the DPPH radicals, was 
determined by plotting RSA% against concentration using a linear regression model.

Anti-inflammatory assay
The in vitro anti-inflammatory activity of Phyllanthus emblica, Syzygium aromaticum plant crude extracts, and 
herb-loaded chitosan was evaluated using an egg albumin denaturation assay. The prepared concentration 
series (100–700  μg/mL) of the test samples was added to the reaction mixture (5  mL) consisting of 0.2  mL 
of 1% (w/v) egg albumin, 2.8  mL of phosphate-buffered saline (PBS, pH 6.4). Absorbance was measured at 
660 nm after incubation at 37 °C for 30 min, followed by heating in a water bath at 70 °C for 15 min. Diclofenac 
sodium was used as the positive control, and the experiment was triplicated. The percentage inhibition of protein 
denaturation was calculated using the following formula:

	
% Inhibition of egg albumin denaturation = Absofsample − Absofcontrol

Absofcontrol
× 100� (2)

The IC₅₀ value, representing the concentration of the extract required to inhibit 50% of egg albumin denaturation, 
was determined through linear regression analysis. Results were reported as mean % inhibition ± standard error.

Total phenolic content
To quantify the total phenolic content of Phyllanthus emblica, Syzygium aromaticum plant crude extracts, and 
herb-loaded chitosan, 0.5 mL of the sample solution was mixed with 0.1 mL of Folin-Ciocalteu reagent (0.5 N) and 
incubated at room temperature in the dark for 15 min. Subsequently, 2.5 mL of 7.5% sodium carbonate solution 
was added to the mixture, which was then incubated for an additional 2 h in the dark at room temperature. The 
absorbance of the resulting solution was measured at 760 nm using a UV/VIS spectrophotometer. The total 
phenolic content was expressed as milligrams of gallic acid equivalent per gram of dry extract (mg GAE/g). A 
standard curve was constructed using gallic acid, with a linear calibration range of 10 to 70 µg/mL.

Drug release study
The in vitro drug release profile of the synthesized herb-loaded chitosan composite with both Phyllanthus emblica 
and Syzygium aromaticum was evaluated under varying pH conditions (pH 1, 2.5, 4, 5.5, 7, 7.4, 8.5, and 10) and 
ionic strengths, adjusted by altering NaCl concentrations (0.1–0.5 M). For the analysis, 5 mg of the composite 
material was dispersed in the release medium within a plastic cuvette. Drug release data were collected at 15-
min intervals over a 10-h period using a visible range spectrophotometer. Based on the absorbance values, 
the optimal pH and NaCl concentration for maximum drug release were identified. To assess dose-dependent 
release, a medium containing 0.2 M NaCl at pH 7.4 was prepared. Drug release was measured in this medium 
using varying composite weights (2.5, 5, 7.5, and 10 mg). The cumulative drug release percentage (CDR%) was 
calculated using the following equation:

	
CDR% = Absorbance value at time t1

T otal amount of drug encapsulated with delivery system
× 100� (3)

The total amount of drug encapsulated in the chitosan biopolymer was estimated based on the plant powder-to-
biopolymer ratio.

Statistical analysis
All experiments were conducted in triplicate, and results were expressed as mean ± standard error (SE). Statistical 
significance (p < 0.05) between treatment means was determined using one-way analysis of variance (ANOVA) 
performed with SPSS 27 (SPSS Inc., Chicago, Illinois, USA).
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Drug release kinetic models
To elucidate the release mechanisms of Phyllanthus emblica, and Syzygium aromaticum extracts from the chitosan 
biopolymer, the obtained release data under varying pH, ionic strength, and drug concentrations were fitted to 
six kinetic models: zero-order, first-order, Korsmeyer − Peppas, Peppas–Sahlin, Higuchi, and Hixson–Crowell 
models. The corresponding model equations are stated below in Table 1.

Antibacterial activity
Microbial strain and inoculum preparation
For preparing the inoculum, Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, and Klebsiella 
pneumoniae were cultured in Luria Bertani broth medium at 37 °C overnight. The microbial cultures were sub-
cultured and overgrown 24 h prior to the assay and later diluted and adjusted concentrations to obtain a microbial 
suspension of 5 × 105 colony-forming units (CFUs)/mL using the spectrophotometer for further analysis.

Agar well diffusion method
Nanomaterials, nanocomposites, and plant extracts were weighed (20, 40, and 60 mg), and sonicated to disperse 
in Dimethyl sulfoxide (DMSO) for 1 h. The Mueller Hinton Agar plate surface was inoculated by spreading 
the adjusted microbial inoculum of 5 × 105 colony-forming units (CFUs)/ml over the entire agar surface via 
streaking. Holes were punched aseptically with a sterile cork borer and a volume (70 μL) of the antimicrobial 
agent solution of desired concentrations; 20, 40, and 60 mg in 1 mL of DMSO was introduced into the wells. 
Amoxicillin which is a standard antibiotic and Dimethyl sulfoxide (DMSO) were used as positive and negative 
control, respectively. Then the agar plates were incubated at 37 °C for about 18 h and the zones of inhibition were 
measured in mm with the use of a metric ruler from the back of the Petri plate. Three replicates were prepared 
for each sample and each bacterial species. Results were reported as mean ± standard error (n = 3).

Minimum inhibitory (MIC), and minimum bactericidal (MBC) concentration evaluation
The antibacterial agents prepared were diluted to obtain a concentration series, 0.3125, 0.625, 1.25, 2.5, 5, 
10, 20, and 40 mg/ml, and a control in sterile Eppendorf tubes. MIC was determined by inoculating 1 mL of 
each microbial culture (0.5 McFarland standard) to a test tube containing 2 mL of antibacterial agent in Luria 
Bertani broth. MBCs were determined by plating onto nutrient agar plates. In detail, 2 μL of the treated samples 
containing the nanomaterial and the test organism from each test tube, were inoculated into Muller Hinton agar 
plates for the determination of MBC. Both the test tubes and the plates were then incubated at 37 °C for 18 to 
24 h and thereafter observed for the growth of bacteria and viable count, respectively.

The minimum incubation concentration (MIC) of nanocomposite suspension was determined as the 
concentration at which there was no visible turbidity. In contrast, MBC was determined as the lowest 
concentration of nanocomposite suspension that prevented the growth of bacteria yielding three log reductions 
(99.9%) on spread plates.

Time-kill synergy assay
To determine the antibacterial activity of the synthesized nanomaterials against the test bacterial pathogens, 
2 mL of the each bacterial culture and 1 mL of the each nanosuspensions prepared were mixed. The time-kill 
synergy assay was carried out by broth macro dilution method while the samples were kept in a rotary shaker 
at 200 rpm. The optical density was measured at intervals of 1 h for a total of 12 h using 600 nm wavelength. 
Turbidity was shown on a graph against time. To investigate for any indications of antibacterial actions of the 
synthesized nanocomposite, the growth curve thus obtained was examined. The positive control utilized was 
amoxicillin. The negative control was DMSO; the solvent used to dissolve the sample.

High-performance liquid chromatography (HPLC) analysis
The HPLC fingerprint of the methanolic Phyllanthus emblica extract was performed using an Aglient 1200 
HPLC system equipped with ZORBAX RRHT Eclipse XDB-C18 column (5 μm × 4.6 mm × 150 mm). Detection 
was carried out at 254 nm using a UV–Vis detector. The mobile phase consisted of (A) 0.1% orthophosphoric 
acid in water: methanol (95:5, v/v) and (B) acetonitrile:0.5% acetic acid in water. Gradient elution was employed 
as follows: 0–5 min, 0% B; 5–20 min, 0–15% B; 20–30 min, 15–25% B; 30–35 min, 25–30% B; 35–36 min, 35–0% 

Model Model equation

Zero-order Qt = Q0 + k0t (4)

First-order Qt = Q0(1 − e−k1t) (5)

Korsmeyer − Peppas Qt = kP tn  (6)

Peppas–Sahlin Qt = kDtm + KRt2m  (7), R
F = KRtm

KD
 (8)

Higuchi Qt = kH t1/2  (9)

Hixson–Crowell Q
1/3
0 − Q

1/3
t = kHC t (10)

Table 1.  Mathematical equations of each model used to fit the drug release kinetics.
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B; 36–45 min, isocratic elution with 0% B. The total running time was 45 min, and the column temperature was 
maintained at 30ºC. The injection volume was 10.0 μL.

The same HPLC system was used to analyze the Syzygium aromaticum methanolic extract. The mobile phase 
used consisted of water (40%, v/v), methanol (10%, v/v), and acetonitrile (50%, v/v), delivered at a flow rate of 
0.7 mL/min in isocratic mode. All the other parameters were kept constant except for a 25 min run time.

Results and discussion
XRD
XRD patterns were obtained to study the crystallographic orientation of the synthesized materials (Fig.  1). 
The XRD pattern of chitosan shows a broad peak at 2θ, 19.47° representing the (110) crystalline plane with 
a d spacing of 0.46 nm and a crystallite size of 5.13 nm with 11.26 crystallites (JCPDS card no:39–1894). The 
XRD pattern of CuO shows peaks at 32.52°, 35.59°, 38.78°, 48.82°, 53.64°, 58.24°, 61.51°, 66.41° and 68.20° 
corresponding to (110), (002), (111), (–202), (020), (202), (–113), (–311) and (220) crystalline planes (PDF card 
no: 48–1548) with interlayer distances of 0.27, 0.25, 0.23, 0.19, 0.17, 0.16, 0.15, 0.14, and 0.14 nm, respectively 
with the crystallite size of 16.88 nm and 67 crystallites. The respective peaks of chitosan and CuO were present 
in all nanocomposites, with the peak corresponding to (110) crystalline plane of chitosan being less intense in 
nanocomposites with varying CuO load, and the same peak increased in intensity with increasing proportion 
of chitosan in nanocomposites in which CuO is kept constant. Interestingly, in the Chi:CuO 2:1, 3:1, and 4:1 
nanocomposites, a new peak appeared in general at 36.52°, the intensity of which increased with the increasing 
weight proportion of chitosan. This peak corresponds to the (111) crystalline plane of Cu2O (ICDD No:01–
078-2076), suggesting that with the growing proportion of chitosan in the nanocomposite, Cu2+ in CuO lattice 
reduces to Cu+, and hence, Cu2O is produced. Donations of lone pair electrons on the NH2 groups of chitosan 
to the Cu2+ centers facilitate the reduction. Increasing the proportion of chitosan and hence, NH2 groups reduce 

Fig. 1.  The XRD patterns of synthesized materials.
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more Cu2+, producing more Cu2O, giving rise to the corresponding characteristic peak with increasing intensity. 
It is interesting to note that the crystallite size of Cu2O decreased as in 30.57 nm, 23.38 nm, and 20.90 nm, and 
the number of crystallites decreased as in 127.38 nm, 95.22 nm, and 84.92 nm with an increasing proportion 
of chitosan as in Chi:CuO 2:1, 3:1, and 4:1 in chitosan/CuO nanocomposites. The same trend was observed 
in both parameters above discussed with Cu2O in CuO. The crystallite size, which was 17.39 nm in Chi:CuO 
1:1, was decreased as 16.05 nm, 15.02 nm, and 15.05 nm in Chi:CuO 2:1, 3:1, and 4:1 nanocomposites, and 
the number of crystallites, which was 69.05  nm in Chi:CuO 1:1 was decreased as 63.73  nm, 59.67  nm and 
59.67 nm in those nanocomposites, respectively. This suggests that both the crystallite size and the number of 
crystallites reduce during the reduction of CuO and formation of Cu2O with increasing proportion of chitosan. 
The crystallographic parameters of the synthesized materials are tabulated in Table 2.

Raman spectroscopic analysis
Raman spectra were collected to confirm the crystallography and to further study the vibrational modes present 
in the synthesized nanocomposites. Figure  2 Shows the Raman spectra of CuO and Chitosan:CuO 1:4. The 
Raman spectrum of CuO shows three main vibrational bands centered at 284, 328, and 618 cm–1 corresponding 
to the Ag, Bg and Bg vibrational modes of CuO65. The same in the spectrum of Chitosan:CuO 1:4 appear at 293, 
318 and 623 cm–1, respectively, where the first and third bands have been shifted to longer Raman shifts while the 
second band shifted to a lesser Raman shift, indicating the change in the vibrations once coupled with chitosan 
due to the formation of new interactions.

SEM and TEM analysis
SEM images of the synthesized materials were obtained to study the 3D surface morphology (Fig. 3). The SEM 
image of chitosan (Fig. 3a) shows an oval-shaped well-established macropore structure but with two different 
size distributions. Chitin, during the conversion to chitosan, is first treated with a mineral acid to remove the 
embedded and surface CaCO3. The resulting powder is then washed with 3% NaOH to remove proteins, followed 
by washing it with 50% NaOH to facilitate the deacetylation. Hence, it is evident that the holes of two different 
sizes have been produced due to the removal of CaCO3 and proteins. The SEM image of CuO (Fig. 3b) shows the 
random distribution of CuO nanorods arranged to different 3D geometries during the hydrothermal treatment. 
In addition to the nanorods, some irregularly shaped CuO structures were also observed in the SEM image of 
Chitosan: CuO 1:2 (Fig. 3c), and the porous structure of chitosan was not observed due to the deposition of CuO 
on the matrix surface.

Sample Crystal plane 2θ° L (nm) d (nm) L/d

CuO
002 35.59 16.89 0.25 66.99

111 38.78 12.33 0.23 53.14

Chitosan 110 19.47 5.13 0.46 11.26

Chi:CuO (1:1)

110 19.36 4.67 0.46 10.18

002 35.61 17.39 0.25 69.05

111 38.79 13.26 0.23 57.14

Chi:CuO (1:2)

110 19.37 4.93 0.46 10.77

002 35.65 15.78 0.25 62.71

111 38.87 14.00 0.23 60.49

Chi:CuO (1:3)

110 19.33 5.10 0.46 11.10

002 35.63 19.89 0.25 79.01

111 38.82 16.25 0.23 70.10

Chi:CuO (1:4) 110 19.36 4.78 0.46 10.43

002 35.63 18.84 0.25 74.83

111 38.80 14.82 0.23 63.91

Chi:CuO (2:1)

110 19.45 5.30 0.46 11.63

002 35.62 16.05 0.25 63.73

(Cu2O) 111 36.52 30.57 0.24 127.38

111 38.78 15.34 0.23 66.13

Chi:CuO (3:1)

110 19.57 5.34 0.45 11.78

002 35.64 15.02 0.25 59.67

(Cu2O) 111 36.56 23.38 0.25 95.22

111 38.84 14.11 0.23 60.91

Chi:CuO (4:1)

110 19.45 5.82 0.46 12.77

002 35.56 15.05 0.25 59.67

(Cu2O) 111 36.48 20.90 0.25 84.92

111 38.81 13.40 0.23 57.79

Table 2.  Crystallographic parameters of the synthesized materials.
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The irregular structures of CuO have been produced due to the Oswald ripening that occurs during the 
hydrothermal treatment, where CuO growth occurs in different directions. They have not grown to produce a 
specified 3D structure due to the insufficiency of CuO on the chitosan surface. This observation is quite further 
evident in the SEM image of Chitosan:CuO 1:4 as well (Fig. 3d). However, in the SEM image of Chitosan:CuO 
2:1 (Fig. 3e), more nanorods arranged protruding to different directions from a common center were observed 
abundantly with comparatively lesser irregularly shaped CuO. This could be due to the presence of more chitosan 

Fig. 3.  SEM images of the synthesized materials (a) Chitosan (b) CuO (c) Chi:CuO (1:2) (d) Chi:CuO (1:4) (e) 
Chi:CuO (2:1) (f) Chi:CuO (4:1).

 

Fig. 2.  Raman spectra of the synthesized materials.
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providing more active sites for CuO to be anchored during the hydrothermal process and pressure being applied 
in many directions, facilitating the growth of CuO along those directions due to Oswald ripening. An interesting 
morphology was observed in Chitosan:CuO 4:1 (Fig. 3f). The macropore structure of chitosan was quite visible 
due to the high proportion of chitosan present in the nanocomposite, and CuO has been developed as triangles 
during the hydrothermal treatment, and they are distributed in the macropore structure. Additionally, there 
were some irregularly shaped structures with few nanorods. The TEM image of the same nanocomposite shown 
in Fig. 4a also shows the predominantly present triangle-shaped structures, and the presence of fewer nanorods 
entrapped in the larger triangle structures is shown in Fig. 4b.

XPS analysis
XPS spectra were collected to study the surface chemistry of the synthesized materials. Survey spectra were 
collected to identify the elements present on the surface of the materials, while the higher resolution spectra 
were obtained to identify the different chemical environments an element would exist specifically. Survey spectra 
of Chitosan, CuO, Chi: CuO 1:2, Chi: CuO 1:4, Chi: CuO 2:1 and Chi: CuO 4:1 are given in Figure S1a–f, 
respectively. The survey spectrum of Chitosan shows the presence of C, O, and N as the main elements, and the 
survey spectrum of CuO shows the presence of Cu, C and O. The Chitosan-CuO nanocomposites generally show 
the presence of C, O, N and Cu. The presence of N was not identified in the survey spectra of Chi: CuO 1:2 and 
Chi: CuO 1:4 because proportionally, N-bearing chitosan is present in low amounts compared to the CuO in the 
nanocomposite.

The higher resolution spectrum of C 1s of chitosan shown in Fig. 5a is deconvoluted to five peaks at 284.5, 
285.1, 286.0, 286.6 and 288.0 eV, which are attributed to C=C, C=N, C–O, C–N or C≡N and C=O bonds, 
respectively. Three peaks appeared in the higher resolution C 1s spectrum of CuO (Fig.  5b) at 284.5, 285.6 
and 288. eV, representing the C=C, C–O and C=O bonds, respectively. The N 1s higher resolution spectrum of 
Chitosan exhibited in Fig. 5c is deconvoluted to two peaks at 399.5 and 400.1 eV, assigned to pyrrolic nitrogen 
and hydrogenated nitrogen, respectively. The higher resolution spectra of N1s of Chi: CuO 1:2 and Chi: CuO 
1:4 appeared to have a low signal-to-noise ratio due to the low amount of N-bearing chitosan present in the 
nanocomposite compared to CuO (Fig. 5d, e respectively). Further, due to the same reason, those two higher-
resolution spectra could be deconvoluted into one peak only. However, the higher resolution spectra of N 1s of 
Chi: CuO 2:1 and Chi: CuO 4:1 shown in Fig. 5f, g respectively, were deconvoluted to two peaks showing the 
same bond nature discussed in Fig. 5c with a slight shift in the binding energy due to the presence of CuO which 
alter the chemical behaviour around N due to the established interactions between CuO and chitosan during the 
hydrothermal treatment. The higher resolution spectrum of O 1s of Chitosan shown in Fig. 5h is deconvoluted 
to three peaks at 531.4, 532.8 and 533.6 eV, which are ascribed to O = C–N, C–O–C and C–OH, respectively. 
The higher resolution spectrum of O 1s of CuO is deconvoluted to three peaks at 529.7, 531.1, and 532.9 eV 
(Fig. 5i), which are assigned to the binding energy of lattice oxygen in CuO lattice (Cu2+–O2–), binding energy 
for oxygen defects within the CuO matrix and oxygen bound to carbon on adsorbed residual carbon. The higher 
resolution spectra of O 1s of Chi: CuO 1:2, Chi: CuO 1:4, Chi: CuO 2:1 and Chi: CuO 4:1 were deconvoluted 
to four peaks as shown in Fig. 5j–m, respectively, showing the presence of two types of oxygen in CuO lattice 
and Oxygen bound to carbon in different ways as described above. The higher resolution spectrum of Cu 2p of 
CuO (Fig. 5n) shows the spin-orbital coupling. The 2p3/2 and 2p1/2 peaks are split, suggesting the presence of 
two different oxidation states, Cu+ and Cu2+, where the lower binding energy corresponds to Cu+ and the higher 
binding energy represents Cu2+. The respective satellite peaks of 2p3/2 and 2p1/2 were also present. This chemical 
environment around Cu was observed in Chi: CuO 1:2, Chi: CuO 1:4, Chi: CuO 2:1 and Chi: CuO 4:1 as well as 
shown in Fig. 5o–r, respectively.

Fig. 4.  TEM images of the synthesized materials (a) and (b) Chi: CuO (4:1).
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FT-IR analysis
FT-IR spectra were collected to study the bonds present in the compounds fabricated and, more precisely, to 
determine the functionalization of the synthesized nanocomposites by the active compounds of the herbals, 
clove and Indian gooseberry Fig. 6. The FT-IR spectrum of chitosan exhibits a peak at 1308 cm-1, which can 
be attributed to the C–O stretching frequency, and a peak at 1377 cm-1, assigned to the O–H bending of the 

Fig. 5.  The higher resolution spectra of C 1 s of (a) Chitosan (b) CuO, the higher resolution spectra of N 1 s of 
(c) Chitosan (d) Chi: CuO (1:2) (e) Chi: Cuo (1:4) (f) Chi: CuO (2:1) (g) Chi: CuO (4:1), the higher resolution 
spectra of O 1 s of (h) Chitosan (i) CuO (j) Chi: CuO (1:2) (k) Chi: CuO (1:4) (l) Chi: CuO (2:1) (m) Chi: CuO 
(4:1), the higher resolution spectra of Cu 2p of (n) CuO (o) Chi: CuO (1:2) (p) Chi: CuO (1:4) (q) Chi: CuO 
(2:1) (r) Chi: CuO (4:1).
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hydroxyl groups present in the structure. The peak at 1546 cm-1 can be attributed to the N–O stretching, and 
the peak at 1617  cm-1 represents the presence of C=C stretching. The C–H stretching is represented by the 
peaks present at 2878, 3100, and 3255 cm-1, and the peak at 3447 cm-1 is ascribed to the N–H stretching of a 
primary amine present in the chitosan structure. The FT-IR spectrum of CuO nanoparticles shows peaks at 595 
and 525 cm-1 that are attributed to the asymmetric and symmetric Cu–O stretching, confirming the presence 
of crystalline CuO. This confirms the formation of CuO nanoparticles. The peak at 869 cm−1 corresponds to 
Cu–O–H vibration, and the peaks at 1122 cm−1 and 1086 cm−1 are due to the C–O stretching vibration. The 
same bonds of chitosan spectra were present in the Chi:CuO (1:1) structure, though the peak positions vary 
slightly due to the coupling of chitosan with CuO. However, the corresponding peaks of Cu–O stretching were 
not present in the Chi:CuO (1:1) spectrum due to the signal masking, overlapping the strong absorption bands 
of chitosan with Cu–O vibrations in the low wavenumber region. The FT-IR spectrum of P. emblica extract-
coated Chi:CuO shows different peaks. The peak at 1198 cm-1 is ascribed to the C–O stretching of substituted 
alcohol, and the peak at 1324 cm-1 represents the O–H bending frequency of alcohol. The peak at 1447 cm-1 
is assigned to the C–H bending, and the peak at 1604 cm-1 represents the C=C stretching in αβ-unsaturated 
ketones. The peak at 1707 cm-1 is attributed to the C=O stretching, and the broad peak centered at 3237 cm-1 
represents the O–H stretching. The same bonds were represented in the S. aromaticum extract-coated Chi:CuO, 
with slight variations in peak positions, as a different chemical compound had been coated. These chemical 
bonds are present in the active compounds in Indian gooseberry, which are ellagic and gallic acids and eugenol 
in clove, confirming the functionalization of the nanocomposite by the active ingredient. CuO peaks were not 
prominent in the spectra of coated composites due to the overshadowing effect of strong organic peaks on the 
Cu–O vibrations. Additionally, it exhibited a strong peak at 2929 cm-1 with a shoulder peak at 2852 cm-1, which 
are attributed to strong N–H stretching and C–H stretching, respectively, resembling the presence of chitosan. 
The presence of bioactive compound-specific peaks alongside chitosan/CuO bands confirms successful loading.

HPLC analysis
The HPLC fingerprint of P. emblica methanolic extract was analyzed with the ellagic and gallic acid commercial 
standards (Figure S2). “Characteristic peaks” were defined by their relatively high intensity and good resolution 
in the HPLC fingerprints. According to the HPCL chromatogram Fig. 7, the retention times of the gallic and 
ellagic acids are 3.99 min and 24.15 min, respectively, which align with the retention time of the commercial 
standards. The presence of gallic acid and ellagic acid in P. emblica extracts is consistent with the previous studies 
as reported by Li et al.66. Similarly, S. aromaticum extract was analyzed with the eugenol commercial standard, 
and the component was identified at 4.63 min as eugenol after the comparison of retention times. Furthermore, 
the UV spectra of the extracts’ peaks were compared to the standards to verify the identification’s specificity. A 
number of additional distinctive peaks were also detected in the extracts, which could indicate the presence of 
additional phenolic chemicals.

Fig. 5.  (continued)
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Phytochemical analysis
The observations of the experiment were similar for both solvents used in the experiment, according to the 
Table  3. Alkaloids, terpenoids, phenols, flavonoids, tannins, glycosides, steroids, and saponins were found 
to be present in both Phyllanthus emblica and Syzygium aromaticum extracts. P. emblica is a rich source of 
bioactive phytochemicals. Ellagic acid, gallic acid, and quercetin are prominent polyphenols in P. emblica67. 
These compounds exhibit strong anti-inflammatory, antioxidant68, anticancer69 and antibacterial70 properties.

S. aromaticum is also a rich source of bioactive phytochemicals. Eugenol is the primary bioactive compound 
and is responsible for most of the biological activities20, including the anti-inflammatory activity by inhibiting 
pro-inflammatory mediators like COX-2, LOX, TNF-α, and IL-671. Eugenol disrupts bacterial cell membranes 
and inhibits biofilm formation while performing cell membrane homeostasis by protecting against lipid 
peroxidation and maintaining membrane integrity, which is crucial for triggering apoptotic responses72. Gallic 
acid is a polyphenolic compound that contributes to its antioxidant, anti-inflammatory, and anticancer activities. 
S. aromaticum contains hydrolyzable tannins, such as ellagitannins, which exhibit antibacterial and anticancer 
properties. Flavonoids like quercetin and kaempferol contribute to its anti-inflammatory and anticancer effects20.

In addition to this, tannins have astringent characteristics, which speeds up tissue repair and inflammatory 
mucous membranes. These contain saponins, which have been proposed as potential anti-carcinogens73. The 
anti-carcinogenic actions of saponins have been linked to immune-modulatory effects and direct cytotoxicity. 
Similarly, it has been discovered that alkaloids, a broad class of secondary metabolites, possess antibacterial 
properties through the inhibition of DNA topoisomerase20.

Antioxidant activity
The antioxidant activity of the methanolic extracts of Phyllanthus emblica, and Syzygium aromaticum, along with 
their chitosan-coated composites, was evaluated using the DPPH radical scavenging assay. According to the Fig. 8 
the average radical scavenging ability of the P. emblica and S.aromaticum extracts and composite materials has 
shown a dose-dependent increment in the tested concentration range of 5–25 µg/mL. The percentage inhibition 
results across different concentrations revealed that P. emblica exhibited the highest radical scavenging activity, 
achieving 95.81% inhibition at 25  µg/mL, while S. aromaticum reached 89.06%. Interestingly, the chitosan 
composite of P. emblica showed improved inhibition at lower concentrations, with 45.36% inhibition at 5 µg/mL 
compared to 37.06% for the pure extract, suggesting an initial enhancement in bioactivity. However, at 25 µg/
mL, the composite material showed a value of 94.88% for the scavenging ability, which was close to the value 

Fig. 6.  FT-IR spectrum of the synthesized materials.
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reported for the P. emblica extract. In contrast, S. aromaticum-chitosan showed significantly lower inhibition, 
ranging from 19.75—58.98% at 5–25  µg/mL, indicating that chitosan encapsulation may have impeded the 
diffusion of active antioxidant compounds.

The IC₅₀ values demonstrated that P. emblica exhibited the highest antioxidant activity (10.25  µg/mL), 
followed by S. aromaticum (12.08  µg/mL). The chitosan composites showed a reduction in half-maximal 
inhibitory concentration, with P. emblica-chitosan at 10.78 µg/mL, S. aromaticum-chitosan at 19.27 µg/mL, likely 
due to interactions between chitosan and active phytochemicals that may reduce free radical neutralization 
efficacy.

Primary/Secondary metabolites in Phyllanthus 
emblica

Primary/Secondary metabolites in Syzygium 
aromaticum Tests

Observation 
in methanol 
and water

Carbohydrates Carbohydrates

Fehling’s test  + 

Benedict’s test  + 

Iodine test –

Proteins Proteins Ninhydrin –

Phenols and tannins Phenols and tannins Ferric chloride test  + 

Flavonoids Flavonoids Alkaline reagent test  + 

Saponins Saponins Frothing test  + 

Glycosides Glycosides Salkowski’s test  + 

Keller-Kilani test  + 

Steroids Steroids  + 

Terpenoids Terpenoids  + 

Alkaloids Alkaloids Mayer’s test  + 

Table 3.  Phytochemical analysis of the P. emblica and S.aromaticum methanolic extracts. Symbol (+) indicates 
the presence of the metabolite of interest, and Symbol (–) indicates the negative results.

 

Fig. 7.  HPLC fingerprint of (a)P. emblica extract (b)S. aromaticum extract.
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The antioxidant activity of the samples was compared with ascorbic acid, a widely used positive control. 
Ascorbic acid exhibited an IC₅₀ value of 4.21 µg/mL under the same experimental conditions, indicating superior 
radical scavenging activity compared to the plant extracts and composites (Figure S3). However, the activity of 
Phyllanthus emblica was notably close to that of ascorbic acid, highlighting its potential as a natural antioxidant 
source. The antioxidant activity of plant extracts can be attributed to their rich phytochemical composition, 
particularly phenolic compounds, flavonoids, and tannins, which are known to donate hydrogen atoms or 
electrons to neutralize free radicals74. Polyphenols, including phenolic acids (gallic acid) and flavonoids, are 
mainly responsible for their potent antioxidant activity in P. emblica4.

Phyllanthus emblica, for instance, contains high levels of gallic acid, ellagic acid, and ascorbic acid, which 
contribute to its potent antioxidant properties. The major active ingredient in clove oil extract, eugenol, is 
a compound with an allyl group attached to a phenolic ring, which is responsible for antioxidant activity75. 
The slightly reduced activity of the chitosan composites may be due to the encapsulation of these bioactive 
compounds within the chitosan matrix, limiting their interaction with DPPH radicals. Phyllanthus emblica is 
renowned for its high vitamin C content and polyphenolic compounds, which have been extensively studied 
for their antioxidant, anti-inflammatory4, and anticancer76 properties. Syzygium aromaticum is rich in eugenol, 
a phenolic compound with strong radical scavenging activity. Chitosan’s known ability to stabilize bioactive 
molecules could contribute to the altered antioxidant activity observed. While some studies report enhanced 
polyphenolic release in chitosan matrices77,78, the present study suggests that polymeric interactions may 
reduce radical scavenging efficiency for certain extracts. Future research should focus on optimizing chitosan 
modification techniques to enhance the bioavailability of polyphenols while maintaining antioxidant efficacy.

The results of this study demonstrate that Phyllanthus emblica and its chitosan composite exhibit the highest 
antioxidant activity among the tested samples, followed by Syzygium aromaticum.

Anti-inflammatory activity
In this study, the anti-inflammatory activity of two methanolic plant extracts Phyllanthus emblica, and Syzygium 
aromaticum, their chitosan composites were investigated. The results demonstrated concentration-dependent 
inhibition of protein denaturation for all samples (Fig.  9). Phyllanthus emblica exhibited significant anti-
inflammatory activity, with percentage inhibition ranging from 19.45% at 100 µg/mL to 70.17% at 700 µg/mL. 

Fig. 8.  DPPH radical scavenging ability of the (a)P. emblica extract (b)P. emblica extract coated chitosan 
composite (c) S. aromaticum extract (d) S. aromaticum extract coated chitosan composite.
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In the concentration range between 100 and 700 µg/mL P. emblica composite material’s protein denaturation 
inhibition was in the range between 13.98 and 41.74%, where percentage inhibition values were lower than 
that of the P. emblica extract. Even though the chitosan composite showed slightly lower activity at lower 
concentrations it showed a 74.29% inhibition at 700 µg/mL. Syzygium aromaticum and its composite displayed 
moderate activity, with the composite outperforming the pure extract at higher concentrations. S. aromaticum 
extract showed a high percentage inhibition activity of 78.80%, while the composite material exhibited a slightly 
higher value of 80.01% at the same concentration of 700  µg/mL, indicating an enhancement in the protein 
stabilizing ability of the composite material.

The IC₅₀ values further highlighted the differences in anti-inflammatory efficacy. Phyllanthus emblica had 
the lowest IC₅₀ value (458 µg/mL), indicating its superior activity, followed by Syzygium aromaticum (505.46 µg/
mL). Interestingly, the chitosan composite of Syzygium aromaticum exhibited a lower IC₅₀ value (390.44 µg/mL) 
than its pure extract, suggesting enhanced anti-inflammatory activity due to the chitosan matrix. In contrast, 
the composites of Phyllanthus emblica slightly higher IC₅₀ values (467 µg/mL), indicating a marginal reduction 
in activity.

The anti-inflammatory activity of the samples was compared with diclofenac sodium, a standard non-steroidal 
anti-inflammatory drug (NSAID). Diclofenac sodium exhibited an IC₅₀ value of 120.5 µg/mL under the same 
experimental conditions, demonstrating significantly higher activity than the plant extracts and composites. 
However, the activity of Phyllanthus emblica and its composite was notable, suggesting their potential as natural 
alternatives for controlling inflammation.

Phenolic compounds, flavonoids, and tannins present in Phyllanthus emblica and Syzygium aromaticum are 
known to interact with proteins, preventing their conformational changes79 under heat stress. Additionally, these 
compounds may inhibit cyclooxygenase (COX) enzymes80,81, which play a key role in the inflammatory pathway 
by catalyzing the synthesis of prostaglandins. P. emblica extract contains high content of gallic acid, ellagic acid 
and ascorbic acid82, which is related to its superior anti-inflammatory activity83. Similarly, S. aromaticum is rich 
with eugenol, a phenolic compound with potent anti-inflammatory and analgesic effects20. Chitosan, on the other 
hand, has been reported to exhibit anti-inflammatory activity by modulating immune responses and reducing 

Fig. 9.  Egg albumin denaturation inhibition activity of the (a)P. emblica extract (b)P. emblica extract coated 
chitosan composite (c) S. aromaticum extract (d) S. aromaticum extract coated chitosan composite.
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the production of pro-inflammatory cytokines84. The enhanced activity of the Syzygium aromaticum composite 
may be due to synergistic interactions between the bioactive compounds in the extract and the chitosan matrix.

The results of this study demonstrate that Phyllanthus emblica and its chitosan composite exhibit the highest 
anti-inflammatory activity among the tested samples, followed by Syzygium aromaticum. The incorporation of 
chitosan enhanced the activity of Syzygium aromaticum, while it had a marginal inhibitory effect on the other 
extract. These findings highlight the potential of Phyllanthus emblica and Syzygium aromaticum as natural anti-
inflammatory agents and suggest that chitosan-based composites could be further optimized for therapeutic 
applications.

Total phenolic content
The total phenolic content (TPC) of the Phyllanthus emblica and Syzygium aromaticum extracts and coated 
composites was determined using the Folin-Ciocalteu method. Gallic acid was used as the standard, and 
a calibration curve was constructed with concentrations ranging from 10 to 70  µg/mL. The standard curve 
exhibited a strong linear relationship, with the equation y = 0.002 x + 3.66E-5 and an R2 value of 0.99, indicating 
excellent linearity and reliability for quantification (Figure S4).

The TPC values for the extracts and their chitosan-coated composites are summarized in Table 4. TPC in 
the test sample was calculated using the regression equation, and it is reported as x. This value was converted to 
mg GAE/g to determine the TPC of the dry extract85. The results revealed slight variations in phenolic content 
across the samples, reflecting differences in their chemical composition and the efficiency of the hydrothermal 
coating process. For the analysis of the test samples, they were diluted 100 times to obtain the test solution with 
10 μg/ml concentration from the 1 mg/mL stock solution.

The TPC of the Phyllanthus emblica  extract was 45.43  mg GAE/g, while the P. emblica coated chitosan 
composite showed a slightly higher value of 45.63 mg GAE/g. The values reported for the phenolic content are 
consistent with previous studies86 reporting that Phyllanthus emblica is rich in polyphenolic compounds, such 
as gallic acid, ellagic acid, and flavonoids, which contribute to its strong antioxidant activity. The S. aromaticum 
extract was reported to have a TPC of 45.47 mg GAE/g, which is consistent with literature87. Similarly, its’ coated 
composite exhibited slightly higher TPC values of 45.78 mg GAE/g. The coating process slightly enhanced the 
phenolic content compared to the pure extract.

The Syzygium aromaticum extract and the composite material showed similar variations in TPC values to that 
of the P. emblica samples. This is consistent with the known presence of eugenol, gallic acid, and other phenolic 
compounds in clove extracts, which contribute to their strong antioxidant properties. The high TPC values 
suggest that Syzygium aromaticum is a potent source of natural antioxidants. The hydrothermal treatment of 
chitosan likely enhanced its ability to form stable complexes with phenolic compounds, thereby improving their 
stability and bioavailability88. This is supported by recent studies demonstrating that hydrothermally treated 
chitosan exhibits improved mechanical properties and enhanced interaction with bioactive compounds89. The 
increased TPC values observed for the chitosan-coated composites suggest that hydrothermal treatment could 
be a promising strategy for enhancing the functional properties of plant extracts.

Drug release kinetics
In this study, extracts of Phyllanthus emblica and Syzygium aromaticum have shown significant antioxidant, anti-
inflammatory, and antibacterial activities as determined by the DPPH assay, egg albumin denaturation assay, and 
antimicrobial assays. Further, the presence of the bioactive compounds of ellagic acid, gallic acid, and eugenol 
was confirmed through the HPLC analysis. As described, they exhibit remarkable antimicrobial, antioxidant, 
anti-inflammatory, and anticancer properties. Therefore, drug delivery studies were carried out using plant 
extracts coated chitosan composites to ensure the sustained release of the bioactive compounds, namely gallic, 
ellagic acids, and eugenol, by improving bioavailability, therapeutic efficacy, and stability. Chitosan is a widely 
used biopolymer in drug delivery studies in various aspects. Rajaei et al.90 and Lohiya & Katti91 have reported 
the usage of chitosan/agarose/graphene oxide nanohydrogel and carboxylated chitosan/mesoporous silica 
nanoparticle-based drug delivery systems as a treatment option for breast cancer, respectively. Furthermore, a 
delivery system composed of porous chitosan microspheres and hydroxypropyl chitin hydrogel was used by Ji et 
al.92 as a treatment for cartilage repair by macrophage immunomodulation. A study on curcumin release from 
chitosan/agarose/graphitic carbon nitride nanocomposite was reported by Rajabzadeh-Khosroshahi et al.93 as a 
potential anticancer therapy. Moreover, chitosan-based delivery systems have been used for the delivery of plant 
bioactive compounds of Spondias pinnata, Peganum harmala, Curcuma longa, Olea europaea by Gomathi et 
al., Homayouni Tabrizi, Wijayawardana et al., and Katouzian & Taheri94–97. Even though the above-mentioned 
extracts coated CuO/chitosan composites were synthesized, they were not used in drug release analysis, due to 
the potential cytotoxicity of CuO98,99, which could cause health safety concerns, compromising the therapeutic 
usage. Drug release kinetics studies were carried out, varying the pH and ionic strength of the release media, 

Source Absorbance x (µg GAE/mL) Dilution Factor TPC in dry extract (mg GAE/g)

Phyllanthus emblica extract 0.686 454.28 100 45.43

Phyllanthus emblica composite 0.689 456.27 100 45.63

Syzygium aromaticum extract 0.687 454.72 100 45.47

Syzygium aromaticum composite 0.691 457.82 100 45.78

Table 4.  Total phenolic content of the synthesized materials.
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and further changing the concentration of the drug. In healthy tissues, the extracellular environment normally 
maintains an ionic strength that is principally controlled by physiological NaCl concentrations100 (~ 0.15 M) and 
a pH range of 7.35 to 7.45101. However, the extracellular environment shows notable abnormalities in malignant 
tissues and some disease situations, such as an acidic pH and variable ionic strength102, because of altered ion 
homeostasis. Such conditions can affect the release kinetics and the efficacy of release of the active compounds. 
Concentrations above 0.5 M were not considered to be tested for the possibility of producing non-representative 
drug release profiles, as they exceed the in vivo physiological conditions103. Furthermore, polymer instability 
or precipitation due to extremely high ionic strengths can make it more difficult to interpret the results104. 
Therefore, a range of pH levels (pH 1–10) and NaCl concentrations (0.1–0.5 M) were selected to stimulate the 
physiological and pathological conditions of the extracellular matrix, to study the release pattern of the ellagic 
acid, gallic acid, and eugenol from the chitosan biopolymeric delivery system.

According to the CDR% data, Phyllanthus emblica coated chitosan biopolymer (PeC) and Syzygium 
aromaticum loaded chitosan biopolymer (SaC) have shown variations in release profiles based on the media 
conditions. The release profile of PeC in pH 1 has the highest release with a burst effect, which is attributed to 
the protonation of NH2 groups of chitosan and phenolic and carboxyl groups of ellagic and gallic acid. The NH3

+ 
groups create electrostatic repulsion forces between the chains, resulting in swelling of the polymer matrix. 
Gallic and ellagic acid exhibit better solubility under acidic conditions, which allows a rapid diffusion of the 
loaded bioactive compounds with the swelling of the matrix. However, in the media with pH 2.5–5.5, the CDR% 
has been reduced, even though the chitosan remains protonated, but swelling has been reduced compared to the 
pH 1 media. Further, ellagic acid (pKa = 5.6) and gallic acid (pKa = 4.4) start deprotonating, creating electrostatic 
interaction with the NH3

+ groups, reducing the release. In the neutral media conditions (pH 7 -7.4), the release 
has been decreased further due to the deprotonation of chitosan (pKa = 6.7), leading to forming an insoluble 
polymer matrix. At alkaline conditions (pH 8.5–10), the release was shown to be lower, as the combined effect 
of chitosan deprotonation lowers the solubility of the polyphenols. Eugenol in SaC, being a weakly acidic, 
hydrophobic molecule with minimal ionization (pKa = 10.2), does not form electrostatic bonds with the matrix. 
However, the release at pH 1 media is higher due to the swelling of the chitosan, and the optimal release is 
reached in the media with pH 5.5. The balanced state between polymer swelling and diffusion occurs here with 
the partial protonation and free diffusion of non-ionised eugenol. When the pH increases (pH 7–10) polymer 
starts collapsing with losing the positive charge, making the matrix more hydrophobic. But more hydrophobic 
eugenol release from the shrunken matrix due to thermodynamic push, supported by the weak van der Waals 
interactions with chitosan, unlike the H-bondings of ellagic and gallic acid. Eugenol remains neutral in alkaline 
conditions, and the hydrophobic forces govern the gradual release (pH 8.5–10).

The release of PeC has decreased with the increase of the ionic strength of the media, due to the shielding 
of the chitosan’s NH₃⁺ groups, which makes the polymer more hydrophobic. Even though the release of gallic 
and ellagic acid can occur in lower ionic strengths (0.1–0.2  M), with the slight swelling of the polymer. Cl- 
can compete with the carboxyl and phenolic groups and bind with the NH₃⁺ groups, allowing the release of 
polyphenols. In contrast, at higher ionic strengths, Na+ and Cl- ions shield the NH₃⁺ groups and reduce the 
porosity of the matrix. This further decreases the water intake/swelling, trapping the polyphenolic compounds 
in the matrix. The increasing NaCl concentration was reported to act favorably with the release of SaC. In lower 
ionic strength media conditions, slight swelling of the chitosan can be expected with minimum shielding effects. 
This allows the release of active compounds via the temporarily loosened matrix. Similar to alkaline conditions, 
eugenol partitions out of the hydrophobic, shrunken polymer matrix, governed by the matrix porosity and 
hydrophobic partitioning. Moreover, the lack of H-bonding with the polymer matrix allows the efficient release 
of bioactive compounds.

At lower concentrations (2.5  mg), polyphenols of PeC are moderately dispersed on the chitosan matrix, 
and the release has exponentially increased when the concentration of the drug increases to 5 mg, exhibiting 
a concentration-driven release. It was reported that there were no observable differences in the release profile 
of 7.5 and 10 mg drug dosages, due to the saturating effect of chitosan binding sites. The excess drug will form 
clusters, creating a diffusion barrier. Conversely, eugenol tends to disperse molecularly in the matrix, creating 
weak van der Waals forces. Minimal saturation effects are present due to the absence of aggregation and weak 
polymer interactions, ensuring the sustained increase in release at higher concentrations. Therefore, PeC has 
displayed sustained release at acidic, low ionic strength and lower doses, whereas SaC exhibited increased release 
with higher ionic strength conditions, higher drug dosages and near neutral media compositions. However, drug 
composites (PeC and SaC) were reported to have an improved release under physiological conditions (pH 7.4, 
0.1–0.2 M NaCl) via different mechanisms.

Mathematical models are employed to understand the release mechanisms that help with the sustained release. 
The models will yield drug kinetic release parameters that can be used in developing an improved release process. 
Furthermore, they can be used to compare and correlate the release mechanisms using different models105. 
Drug release from chitosan bioplymeric delivery systems has been extensively studied in the literature using 
the Korsmeyer-Peppas model, Higuchi model106,107, Hixson-Crowell model108, Zero-order109, First order110 and 
Peppas-Sahlin models111. In order to analyze the drug release, 60% of the release data were fitted into six kinetic 
models, namely: First order, Zero Order, Higuchi, Korsmeyer Peppas, Peppas–Sahlin, and Hixson–Crowell 
models, respectively. The rate at which the drug is released from the delivery mechanism determines the drug 
dosage rate in sustained drug release systems. The drug’s release kinetics are described by the rate constant (k) 
derived from the kinetic models. It is also employed to optimize different formulations to attain the intended 
release profile and to compare the release rates of different formulations. In the same way, the release exponent 
(n) is a significant kinetic parameter that indicates the drug release mechanism. It offers information about how 
the drug and environment interact, which helps create formulations with particular release properties112. Tables 
S1-S6 summarize the model parameters along with the R2values of the model that fits. Based on the R2 values, 
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the best fitted kinetic models were selected to interpret the release mechanism of the bioactive compounds of 
the plant extracts from the chitosan biopolymer. The models that exhibited R2 ≥ 0.96 were used to determine 
the controlled drug release mechanisms underlying the release of the bioactive compounds. In most cases, 
Korsmeyer Peppas and Peppas–Sahlin models were fitted well (R2 ≥ 0.96) with the experimental cumulative 
drug release percentage of the drug composite materials, as shown in the Table 5. The other models, specifically 
First Order and Zero Order, showed relatively lower R2 values (R2 < 0.96) in all the drug composites under the 
varying experimental conditions. Therefore, when interpreting the results, those models were not taken into 
consideration.

The release exponent, n, is a crucial parameter for classification in the Korsmeyer Peppas model (KP), which 
explains drug release processes that include both Fickian and non-Fickian behaviors. Pure Fickian diffusion is 
shown by n = 0.43, whereas quasi-Fickian diffusion is represented by n < 0.43. The mechanism indicates non-
Fickian diffusion, which is defined by a combination of diffusion and swelling control, for values in the range 
0.43 < n < 0.85. Furthermore, the model corresponds to case II transport, which is mostly controlled by gel 
swelling, at n = 0.85. This theoretical framework offers a thorough comprehension of the various drug release 
patterns seen in polymeric systems38.

Table 5 includes the diffusional exponent (n) and release constant (kP) values of the bioactive compounds’ 
diffusion from the chitosan biopolymer matrix. Figures S5 and S12 represent the non-linear curve fitting data 
of the plant extract-coated chitosan drug composites according to the Korsmeyer Peppas model. The R2 value 
(R2 ≥ 0.96) indicates the suitability of the model to be used in the analysis and release exponent values are less 
than 0.43 in all cases which indicates the quasi-Fickian diffusion is responsible for the release of the bioactive 
compounds. In detail, PeC and SaC have indicated similarities in the model parameters. Release exponent 
(n) values of the PeC drug composite vary between 0.16–0.41, whereas the values for SaC drug composite are 
between 0.25–0.38. The PeC composite has shown a sustained release at pH 5.5–7.4 media compositions with 
higher release rates controlled by quasi-Fickian diffusion. However, in the media with pH 1, limited diffusional 
control can be observed with the higher initial burst effect in the polymer matrix. Diffusion persists in alkaline 
media conditions, but the increment in the n values suggests that the shrunken chitosan matrix has reduced 
the effect of diffusion on drug release. Media with 0.2 M NaCl show optimal release conditions with a lower n 
value and higher release rate, followed by moderate release at 0.1 M media with initial matrix loosening. The 
release rate has been reduced when the concentration increased to 0.3 M, and the release mechanism is closer to 
anomalous transport, with the hydrophobic collapse of the chitosan matrix masking the NH3

+ groups. However, 
at 0.4 M media, the release was shown to be higher than in other media compositions, and the rate decreased 

pH 1 pH 2.5 pH 4 pH 5.5 pH 7 pH 7.4 pH 8.5 pH 10 0.1 M 0.2 M 0.3 M 0.4 M 0.5 M 2.5 mg 5 mg 7.5 mg 10 mg

Chitosan: P. emblica composite

Korsmeyer–Peppas model parameters

kP 0.96 2.68 1.18 1.62 1.65 1.19 1.22 1.35 0.68 0.79 0.53 1.19 0.73 0.93 1.44 3.14 2.13

n 0.35 0.19 0.30 0.23 0.24 0.29 0.31 0.27 0.39 0.37 0.42 0.29 0.36 0.20 0.23 0.16 0.27

R2 0.99 0.96 0.98 0.97 0.97 0.97 0.97 0.96 0.98 0.96 0.97 0.97 0.95 0.97 0.99 0.95 0.95

Peppas—Sahlin

kD 0.63 0.93 0.71 0.77 0.95 0.72 0.72 0.81 0.53 0.56 0.50 0.70 0.54 0.53 0.75 0.96 0.82

kR 0.44 0.77 0.55 0.63 0.81 0.56 0.55 0.66 0.33 0.37 0.32 0.55 0.37 0.44 0.61 0.80 0.78

m 0.21 0.17 0.18 0.16 0.15 0.17 0.20 0.17 0.23 0.22 0.22 0.18 0.20 0.12 0.15 0.17 0.20

R2 0.99 0.96 0.98 0.97 0.97 0.97 0.97 0.96 0.98 0.96 0.97 0.97 0.95 0.97 0.99 0.95 0.96

Higuchi

kH 0.41 0.43 0.35 0.33 0.36 0.34 0.41 0.36 0.36 0.37 0.32 0.34 0.31 0.16 0.30 0.43 0.55

R2 0.99 0.94 0.98 0.95 0.97 0.97 0.97 0.96 0.98 0.95 0.96 0.96 0.93 0.93 0.97 0.93 0.96

Chitosan: S. aromaticum composite

Korsmeyer–Peppas

kP 1.71 1.49 2.17 1.94 1.89 1.52 1.29 1.66 1.82 1.42 1.19 1.37 1.61 0.69 1.46 1.24 1.16

n 0.30 0.27 0.24 0.29 0.27 0.31 0.34 0.28 0.25 0.33 0.32 0.34 0.33 0.32 0.28 0.33 0.38

R2 0.98 0.94 0.95 0.91 0.93 0.95 0.93 0.93 0.94 0.94 0.96 0.93 0.92 0.99 0.96 0.95 0.94

Peppas—Sahlin

kD 0.91 0.76 1.05 0.73 0.80 0.75 0.71 0.78 0.86 0.73 0.71 0.78 0.69 0.47 0.75 0.73 0.62

kR 0.87 0.60 0.96 0.74 0.68 0.63 0.59 0.64 0.72 0.63 0.54 0.73 0.69 0.32 0.59 0.58 0.59

m 0.18 0.18 0.16 0.21 0.19 0.20 0.21 0.19 0.18 0.21 0.20 0.20 0.22 0.19 0.19 0.20 0.23

R2 0.98 0.93 0.94 0.91 0.91 0.94 0.93 0.91 0.92 0.94 0.96 0.93 0.91 0.99 0.96 0.95 0.94

Higuchi

kH 0.52 0.39 0.48 0.57 0.49 0.50 0.50 0.47 0.43 0.51 0.42 0.53 0.59 0.24 0.40 0.46 0.57

R2 0.96 0.89 0.90 0.88 0.88 0.92 0.91 0.88 0.88 0.91 0.94 0.90 0.89 0.98 0.93 0.93 0.93

Table 5.  Drug release kinetics data of Chi: P. emblica and Chi: S. aromaticum composites fitted with 
Korsmeyer Peppas Model, Peppas Shalin model and Higuchi model (model parameters and R2 values).
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when the ionic strength increased to 0.5 M. The sudden increase is due to the salting-in effect of the matrix 
results from uneven dehydration, where some regions shrink, while others develop micropores, leading to the 
sudden enhancement in release rate. Salting-in effects dominate in 0.5 M media conditions, again reducing the 
release of polyphenols from the shrunken polymer matrix. Polyphenols are released via diffusion at low loading 
doses (2.5–5 mg), indicating a dose-dependent increase in the release. The highest release rate is recorded at the 
7.5 mg concentration, which is reduced at the 10 mg concentration due to the saturation effect of the loaded 
polyphenols, as explained by the CDR% profiles. In acidic media conditions (pH 1–2.5), the release of eugenol 
from SaC is controlled via a moderate diffusion of the swollen matrix. When the pH is increased (4–7.4), optimal 
release conditions with balanced swelling and diffusion of hydrophobic eugenol happen, exhibiting the highest 
release rate at pH 4. With the increased alkalinity, n values were increased, suggesting the formation of transient 
pores with polymer rearrangements at pH 8.5, leading to the release of loaded bioactives via a combination of 
relaxation and diffusion. Nevertheless, these transient pores form stable hydrophobic nanochannels, leading to 
diffusion-like release in the fully hydrophobic chitosan matrix at pH 1 media. Similar to the PeC, SaC shows 
optimal diffusion rates at lower ionic strength media (0.1–0.2 M). With the shielding effects of higher Na+ ions, the 
reduced repulsion between NH3

+ groups creates partial shrinkage of the polymer matrix, creating heterogeneous 
pores. Hence, the rearrangements of the polymer cause the relaxational effects along with the diffusion of loaded 
bioactive compounds. At the highest ionic strength media, salting out effects predominantly expel eugenol from 
the completely collapsed, hydrophobic chitosan via the hydrophobic nanochannels. The impact of diffusion 
on release in 0.5 M media can be observed with a higher diffusion release rate compared to 0.3 M and 0.4 M 
media compositions. Initial lower kP values at 2.5 mg drug concentration are due to the slow release, followed 
by a sustained release at the 5 mg concentration with optimal diffusion. At higher concentrations, diffusional 
contributions have become substandard as exhibited by increased n values, even though the release profiles were 
high in CDR% profiles. Thus, 5 mg concentration exhibited the optimal diffusional release rate. However, all 
the release mechanisms were controlled by the quasi-Fickian diffusion, with varying contributions of diffusion 
and relaxation at various media compositions. Molecules migrate from regions of high to low concentration in 
a process known as quasi-Fickian diffusion, which is similar to Fickian diffusion but takes into account other 
factors such as swelling or relaxing of the polymer matrix113,114. These variables cause the process to deviate 
from ideal Fickian behavior, suggesting that concentration gradients are not the only driving force. Rather, it 
is a system of diffusion and other processes that work together to affect molecular movement. This suggests 
that drug release is facilitated by the relaxation of polymer chains in chitosan or carrier surface degradation in 
addition to diffusion of the active ingredient (Fig. 10).

In the Peppas-Shalin(PS) model the contribution of the polymer relaxation and well as the diffusion (Fickian 
diffusion) are taken into consideration when deciding the drug release mechanism. The Fickian diffusional 
contribution (F) is represented by the second term in the model equation (Eq. 7), while the Case II relaxational 
contribution is represented by the right side115. The coefficient m stands for the strictly Fickian diffusion exponent 
in all systems with controlled release. If the bioactive compounds are released solely through the Fickian diffusion, 
the m value in the PS model should be equal to the n values obtained for the KP model. In PeC and SaC drug 
composites m and n values differ in all the media compositions (pH and ionic strengths) demonstrating that the 
polymer relaxation also contributes to the release of bioactive compounds other than the diffusion. As shown 
in Equation (Eq. 8) contribution of the polymer relaxation and diffusion for the release of bioactive compounds 
can be computed through the R/F ratio. All the model parameters are shown in Table 5 while Figures S11 and 
S18 represent the distribution of the R/F ratio of the PS model according to the cumulative drug release data 
obtained through the experiment for the chitosan coated P.embica composite and S. aromaticum composite, 
respectively. The release of the loaded drug is equally facilitated by diffusion and erosion when R/F = 1, with 
relaxation (erosion) predominating when R/F > 1 and diffusion predominating when R/F < 1116.

According to Figures S10 and S17, the first 30 min of the drug release is aided by the diffusion (R/F < 1) of 
the bioactive compounds. In the latter phase of the release data, the R/F values have become higher (R/F > 1), 

Fig. 10.  Mechanism of release of the bioactive compounds from the chitosan biopolymeric delivery system.
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indicating that the polymer relaxation has become the prominent release mechanism over time. Furthermore, 
drug release kinetics data of the KP model confirmed that the quasi-Fickian diffusion mechanism is responsible 
for the release of the bioactive compounds. Even though the diffusion is responsible for the release mechanism, 
the analysis demonstrated that purely Fickian diffusion did not facilitate the drug release from the chitosan 
biopolymeric system. This finding was additionally evident by the R/F values of the PS model, indicating that the 
polymer relaxation contributes significantly to the release of the bioactive compounds.

Figures S6 and S13 represent the non-linear curve fitting data of the plant extract-coated chitosan drug 
composites according to the PS model.In acidic media conditions (pH 1–4), diffusion-dominated release has 
contributed to the release of the polyphenols in PeC with higher kD values and moderate kR values, attributed to 
the chitosan matrix swelling at acidic conditions and relaxation governed by NH3

+ group repulsions, respectively. 
At pH 5.5 balanced effect of diffusion and relaxation has been achieved in the swollen elastic matrix, reaching 
peak diffusion and relaxation contributions at pH 7. Diffusion is maintained at physiological pH conditions in 
the semi-rigid matrix, as the remaining NH3

+ groups prevent the polymer from collapsing. Complete collapse 
of the chitosan matrix due to the formation of neutral NH2 groups governs the diffusion of the coated drug 
compounds in alkaline pH (pH 10). Similar to the KP model release, in lower ionic strength conditions (0.1–
0.3 M), diffusion dominates the drug release via the swollen chitosan pores in the matrix, with minimal chain 
mobility. However, in the media with 0.4 M NaCl, the relaxation contribution has increased with the formation 
of micropores due to the charge screening og NH3

+ groups. But this impact from relaxation has decreased in 
0.5 M media, with the complete collapse of the chitosan polymer blocking these transient pores. Lower drug 
loading has led to relaxed drug distribution, facilitating poor diffusional pathways (low kP and kD) at 2.5 mg 
concentration. At 7.5 mg concentration, optimal relaxation and diffusional contributions were achieved, where 
the efficient drug loading enables diffusional pathways and plastizing effects of chitosan, enabling chain mobility. 
Yet, at higher concentrations, aggregation of polyphenols blocks the pores, reducing the diffusion. Relaxational 
contribution persists because of the plastizizing effect of the polyphenols. OH groups of the ellagic acid disrupt 
the H-bonding networks of chitosan, increasing the inter-chain volumes, while the COOH groups of gallic acid 
form complexes with NH2 groups, decreasing the glass transition temperature of chitosan. These changes can be 
confirmed with the remaining higher kR value and an increase in the m value due to pore occlusion in the matrix.

Balanced swelling and diffusion govern the release mechanism of the SaC composite in acidic media 
conditions with extreme swelling of the matrix. Partial protonation of NH3

+ groups reduced kD and kR values at 
pH 2.5, compared to pH 1. At pH 4, the synergistic effects of swelling of chitosan and diffusion of weakly bound 
eugenol direct the optimal release conditions, creating porosity in the matrix (lower m value). Moderate kD and 
kR values were reported in physiological pH conditions, as a result of the partial collapse of the chitosan matrix 
in higher pH media. But the porosity remains due to eugenol’s hydrophobic plastizising effects, preventing the 
complete compaction of chitosan chains during deprotonation. The increase in the kD and kR values at pH 10 
suggests that the formation of stable pores in the matrix contributes to the prominent diffusional release, with 
the NaOH-induced partial hydrolysis of chitosan chains, resulting in diffusional pathways. kD and kR values are 
decreasing in the media ranging from 0.1–0.3 M as a result of the gradual increase of the masking of the charge 
in NH3

+ groups, leading to shrinkage of the matrix. Diffusion is prominent in the swollen matrix, leading to the 
release of eugenol. However, at 0.4 M media, the partial collapse of the chitosan matrix induces transient pore 
formation along with matrix rearrangement. This phenomenon contributes to the synergistic effects of diffusion 
and relaxation. Complete charge screening is achieved at the highest ionic strength, resulting in the hydrophobic 
collapse of the matrix, forcing eugenol out of the matrix. Release pattern based on the drug concentration is 
consistent with PeC for SaC except for the fact that optimal synergistic effects were observed at 5  mg drug 
concentration with synergistic effects of relaxation and diffusion.

When categorised under the quasi-Fickian diffusion of the KP model, it does not distinguish the contribution 
of diffusion and relaxation mechanisms, but the PS model calculates these contributions. That can be observed 
by the values and the trends of the fluctuation of the kR parameter in the PS model. Media with pH 7, 0.4 M 
NaCl and 7.5 drug concentration for PeC have indicated a sudden increment in the value of kR corresponding to 
the increment in kP, where the contributions of relaxation and diffusion were not taken into account separately. 
Further parameters of the PS model for SaC composite correspond with the n values obtained for the KP model, 
with higher diffusional release rate in media with pH 4, 0.1 M,0.2 M, 0.5 M and 5 mg drug concentration.

The model fits corresponding to the Higuchi model, Hixon-Crowell model, Zero order, and First order are 
represented in Figures S7–S10 (Chitosan: P. emblica composite) and Figures S14–S17 (Chitosan: S. aromaticum 
composite), respectively. Experimental cumulative drug release data were fitted with the Higuchi model, with 
higher R2 values (R2 ≥ 0.96) as shown in Tables S1-S6, along with the other model parameters. Although 
conceptually simple, the Higuchi model depends on several fundamental presumptions in order to adequately 
represent controlled drug release systems. First, it assumes that the starting drug concentration is much more 
than the drug’s solubility, which supports the application of a pseudo-steady-state method. Second, the model 
assumes that drug diffusion occurs in one dimension, which makes edge effects insignificant. Third, it assumes 
that the drug particles in suspension(micro or nano) are significantly smaller than the thickness of the system. 
Furthermore, the model assumes a steady drug diffusion coefficient, ignoring any swelling or relaxation of the 
polymer carrier117. Together, these presumptions support the model’s applicability and constraints in forecasting 
drug release behavior. Optimal release rates for the PeC are recorded in the media with pH 1 and 0.2 M NaCl, 
where the swelling of the chitosan enhances the diffusion. A slight increase in the kH in media with pH 10 for PeC 
is attributed to the increased diffusion rates with the NaOH-induced pore formation. For the SaC composite, 
release conditions are optimal in the media with pH 4, and the release rates are consistent in neutral media 
as well. Interestingly, when the drug concentration was increased, the release rate was shown to be increased 
according to the KH values reported in Table 5, supporting the model assumption. Although it is believed that 
the correlation between the cumulative drug release and the square of time is a valid metric for examining 

Scientific Reports |        (2025) 15:35743 20| https://doi.org/10.1038/s41598-025-19914-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


drug release in a diffusion-controlled drug delivery system (Eq. 9), it is possible to get incorrect conclusions 
about the drug delivery mechanism if this model is used exclusively for analysis. Because it entirely ignores the 
swelling or dissolution effect of the polymeric carrier system in its primary assumption118. Therefore, additional 
mathematical studies are necessary to determine the drug release mechanism if the Higuchi model is used.

The drug release is predicated on the idea that a solid particle’s surface area reduces as it dissolves. According 
to the Hixon-Crowell model (HC). The surface area reduction is proportional to the cube root of the particle’s 
residual mass119. The approach works especially well in conditions where the dissolving particle undergoes 
significant size and shape changes, such as a tablet in a fluid. In these situations, when the drug is released, the 
tablet’s surface area steadily decreases120. Nevertheless, since the release of the bioactive compounds was shown 
to be dependent on diffusion and relaxation, rather than constant reduction of the surface area of the polymer 
HC model is not used in the current study to interpret the controlled release. This is further concluded by the 
lower R2 values obtained for the fitted drug release data of the synthesized drug composites.

The fundamental premise of the zero-order kinetics model is that the rate of reaction is completely 
independent of the concentration of the reactant, meaning that a fixed quantity of reactant is used up per unit of 
time121. On the other hand, the first-order kinetics model assumes that the reactant concentration and reaction 
rate are exactly proportional. In first-order kinetics, the rate fluctuates with changes in concentration, but in 
zero-order kinetics, the rate is essentially constant regardless of concentration. Additionally, in situations where 
n = 1, the first order is theoretically equivalent to the KP model, suggesting that the case II transport mechanism 
is the cause of the drug release122. R2 for the Zero and First order models in the fitted release data are less than 
0.95 in all the media compositions reported for PeC and SaC drug composites. Therefore, these mechanisms 
were not the only governing factor that was responsible for the release of bioactive compounds.

In conclusion, non-linear curve fitting data attributed to the in vitro study suggest that a combination of 
diffusion and polymer relaxation mechanisms controls the release of ellagic acid, gallic acid, and eugenol, 
present in the plant extracts of P. emblica and S. aromaticum, from chitosan biopolymer over time. The work 
demonstrates how release mechanisms are dependent on pH and ionic strength, with hydrophobic partitioning 
driving SaC and swelling/polyphenol solubility driving PeC. The KP and PS models verified diffusion-dominated 
release with relaxing effects under particular conditions, ensuring the sustained release of bioactive compounds. 
Therefore, the sustained release of the targeted bioactive compounds was achieved using the chitosan-based 
delivery system, improving the pharmacokinetic parameters of the potential therapeutic agents.

Antibacterial activity by agar well diffusion method
Antibacterial activity
Samples consisting of different ratios of chitosan and CuO were synthesized as follows: Chi, CuO, Chi:CuO 
1:1, Chi:CuO 1:2, Chi:CuO 1:3, Chi:CuO 1:4, Chi:CuO 2:1, Chi:CuO 3:1 and Chi:CuO 4:1. And to these 
nanocomposites the tested plant extracts were coated by mixing and evaporating the solvent to evaluate the 
synergistic impact of the plant materials; Phyllanthus emblica, and Syzygium aromaticum along with chitosan 
and CuO.

Chitosan, a multifaceted hydrophilic polysaccharide derived from chitin, has a wide antibacterial spectrum, 
rendering it particularly effective against gram-negative and gram positive bacteria as well as fungi123–127. Its 
efficacy is influenced by factors such as molecular weight, degree of deacetylation, and environmental pH128. 
The mechanisms of the antibacterial activity of chitosan towards pathogenic bacterial species are varied. At 
the site of infection, chitosan can form a film that acts as a barrier, hindering nutrient uptake by bacteria and 
effectively starving them. The polycationic nature of chitosan enables it to interact with the negatively charged 
bacterial cell membranes, leading to increased permeability and subsequent leakage of intracellular contents, 
culminating in cell death129. Chitosan can chelate essential metal ions, thereby inhibiting bacterial enzyme 
activities and disrupting metabolic processes124,130. Additionally, the degree of deacetylation (DDA) significantly 
influences chitosan’s antibacterial properties. Higher DDA correlates with increased positive charge density, 
enhancing interactions with bacterial membranes and improving antimicrobial efficacy124. Environmental pH 
also plays a crucial role; chitosan exhibits increased solubility and antimicrobial activity in acidic conditions 
due to the protonation of its amino groups, facilitating stronger interactions with bacterial cells. Studies have 
demonstrated chitosan’s effectiveness against both Gram-positive and Gram-negative bacteria. For instance, 
chitosan nanoparticles have shown enhanced antimicrobial activity against a range of pathogenic bacteria, 
including Escherichia coli and Staphylococcus aureus128,129,131.

Multiple articles investigated the antibacterial properties of elemental Cu, CuO, and Cu2O, addressing 
factors such as particle size, shape, and the solubility of copper ions in various media. The antibacterial effect of 
CuO is associated with a rapid deterioration of cell membrane integrity and the generation of reactive oxygen 
species (ROS)30 However, the difference in cell wall structures of Gram-negative and Gram-positive bacteria, as 
depicted in Fig. 11, determines the overall antibacterial activity of nanomaterials. Moreover, chemical doping 
with other components has amplified the antibacterial range and diminished the necessary dose for pathogen 
suppression. These results jointly emphasize the significance of chemically synthesized CuO nanomaterials as 
effective antibacterial agents in clinical and industrial contexts132–135. Moreover, its cost and availability are more 
favourable than silver, gold, and platinum metals. Copper has historically served as an antibacterial agent due to 
its low toxicity and is important in the biomedical field134–136. Owing to their diminutive size relative to bacterial 
pores, these nanomaterials possess a distinctive capability to infiltrate the cell membrane, as shown by CuO 
nanomaterials. The band gap of CuO is around 1.7 eV, and this kind exhibits semiconductor characteristics in a 
non-crystalline structure132,137 .

Copper oxide has significant antibacterial properties via several methods, rendering them efficient against 
many bacterial infections as shown in Fig. 12. It is assumed that materials containing CuO nanomaterials are 
capable of killing both Gram-positive and Gram-negative bacteria through the “attract-kill-release” pathway138. 
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Reactive oxygen species generation and the release of Cu+ ions from CuO nanomaterials are both thought to be 
responsible for the contact killing of bacteria133,138. The inherent characteristics of CuO, such as its monoclinic 
crystalline structure and elevated surface-to-volume ratio, facilitate the effective rupture of bacterial cell walls 
via the formation of ROS and membrane degradation133,139–143. Furthermore, nanorods are hierarchical CuO 
nanostructures showing significant antibacterial activity143. Another significant mechanism involves the 
liberation of copper ions (Cu2⁺) from the CuO nanomaterials, which engage with thiol groups in bacterial 
enzymes, therefore impairing vital metabolic processes. These ions disrupt DNA replication by binding to 
nucleic acids, hence reducing bacterial multiplication144.

Advanced research on chitosan nanoparticles (CsNPs) has shown improved antibacterial efficacy, which 
is attributed to their increased surface area and bioavailability, facilitating superior contact with bacterial 
cells. CsNPs affect outer membrane production, metabolic processes, and membrane signalling, as shown by 
transcriptome analysis in Escherichia coli145. The predominant mechanism of CsNPs’ antibacterial activity is the 
electrostatic interaction between the positively charged amino groups of glucosamine and the negatively charged 
bacterial cell membranes146. This interaction causes significant alterations to the cell surface, resulting in changes 
in membrane permeability that subsequently provoke osmotic imbalance and the outflow of intracellular 
chemicals, culminating in cell death147,148.

Microbes’ resistance to most antibiotics typically used for infections (including penicillins, cephalosporins, 
erythromycin, tetracycline and its derivatives, and metronidazole) has been recorded. The resistance of 
bacteria to conventional antibiotics necessitates an immediate focus on the advancement of novel medication 
compounds. Historical records indicate that phytochemicals have been used as remedies for several ailments and 
microbiological illnesses since ancient times.

Therefore, the amalgamation of chitosan with CuO and plant extracts can produce nanocomposites with 
significant antibacterial efficacy, presenting intriguing applications in combating microbial diseases and 
fabricating antimicrobial materials.

Various nanocomposites, synthesized by combining CuO and Chitosan in different ratios, were evaluated 
against all four harmful bacteria. The data shown in Fig.  13a clearly indicate that the various samples had 
distinct effects on all four tested bacteria; Klebsiella pneumoniae, Pseudomonas aeruginosa, Escherichia coli 
and Staphylococcus aureus. At the lowest concentration tested at 10  mg/ ml, the highest zone of inhibition 
was recorded for Klebsiella pneumoniae at 11.83 ± 3.21 mm across all samples tested, indicating low resistance 
potential against the novel nano-biocomposites. Moderate zones of inhibition were recorded for Pseudomonas 
aeruginosa and Escherichia coli, ranging from 8.00 ± 0.29 to 10.83 ± 1.53 mm across all samples. The resistance 
levels of the pathogens against the synthesized materials may be substantiated by analyzing their structural 
properties and resistance mechanisms. Klebsiella pneumoniae, has a more intricate outer membrane and 
demonstrates enhanced biofilm formation, which contributes to its increased resistance149. They also possess 

Fig. 11.  The cell wall structures of gram-negative and gram-positive bacteria.
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a protective outer membrane and polysaccharide capsule, hindering particle penetration150. They demonstrate 
several resistance mechanisms, such as efflux pumps and biofilm formation, which markedly diminish the 
effectiveness of nanoparticles149.  Furthermore, Cu+ may provoke oxidative stress in bacteria, yet Klebsiella’s 
adaptive mechanisms can alleviate this impact151. However, the concentration of nanoparticles are critical to 
their efficacy against various bacterial strains149. Research suggests that chitosan nanoparticles enhance the 
bioavailability of antibiotics, possibly resulting in decreased dosage requirements and diminished resistance 
development, although the existence of many antibacterial mechanisms as mentioned above152.

In terms of Gram-positive bacteria, Staphylococcus aureus has not shown significant resistance against the 
nanocomposites with zones of inhibition ranging from 8.67 ± 1.44 to 10.17 ± 0.29 mm. Staphylococcus aureus, 
especially methicillin-resistant strains (MRSA), has a certain vulnerability to nanocomposites owing to its 
comparatively more uncomplicated cell wall structure, facilitating efficient particle penetration153. Moreover, 
Staphylococcus aureus has a thick peptidoglycan layer that may be targeted by the produced ions. Nanomaterials 
may inhibit biofilm development, increasing treatment susceptibility153. Chitosan:CuO 1:2 was shown to be the 
most efficient against all pathogenic strains, effectively reducing bacterial growth and suggesting optimal efficacy 
at low concentrations.

Different nanocomposites prepared by integrating CuO and Chitosan in different ratios were tested against 
all four pathogenic microorganisms. From the results given in Fig. 13b, it is evident that different samples have 
acted differently on all four microorganisms. Against Klebsiella pneumoniae sample Chi:CuO 1:4 has been most 
effective in inhibiting the growth by showing a zone of inhibition of 16.50 ± 0.09 mm while Chi:CuO 1:3 has 
been most effective on Pseudomonas aeruginosa with a zone of inhibition of 12.67 ± 0.20 mm. For E. Coli the 
Chi:CuO 1:2 sample has shown the most significant inhibition with a zone of inhibition at 11.83 ± 0.06 mm. 
For the Gram-positive Staphylococcus aureus, Chi:CuO 1:4 has been most efficient with a zone of inhibition of 
12.92 ± 0.06 mm. The stronger resistance shown by Gram-negative bacteria could be due to the architecture of 
their cell membranes. The outer membrane of Gram-negative bacteria, which contains lipopolysaccharides that 
serve as an additional protective film, can hinder the penetration of the antibacterial compounds, limiting the 
overall sensitivity against the samples154,155. They also contain an increased number of efflux pumps that have 
the ability to expel the antibacterial compounds from the bacterial cells, limiting the interactions of these with 

Fig. 12.  Mechanisms of the antibacterial activity of Chi:CuO nanocomposites.
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the intracellular components156. Additionally, Gram-negative bacteria have the ability to alter efflux pumps and 
porins, which can affect the uptake and expulsion of antibacterial compounds from the cell157.

The antibacterial activity of the nanocomposites Chi, CuO, Chi:CuO 1:1, Chi:CuO 1:2, Chi:CuO 1:3, 
Chi:CuO 1:4, Chi:CuO 2:1, Chi:CuO 3:1 and Chi:CuO 4:1 are presented in Fig. 13c at 40 mg/ ml. The overall 
antibacterial activity of the samples has increased with the increased concentration from 10 to 40  mg/ ml. 
Across samples, the lowest zone of inhibition recorded was 10.10 ± 0.03 mm against E. Coli from Chitosan:CuO 
4:1, while the highest zone of inhibition was recorded at 15.80 ± 0.30  mm against Pseudomonas aeruginosa 
from Chitosan. Interestingly, Chitosan has shown the overall highest antibacterial activity against Klebsiella 
pneumoniae, Pseudomonas aeruginosa, Escherichia coli and Staphylococcus aureus. Even though it was assumed 
that incorporating CuO, a well-known antibacterial compound, would increase the inhibition potential against 
pathogens, it has not shown the expected synergistic effects with chitosan, at the tested concentration. Similarly, 
in Chitosan, CuO, Chi:CuO 1:1, Chi:CuO 1:2 to Chi:CuO 1:3, the overall antibacterial activity has decreased. 
CuO at elevated concentrations seems to have little influence on antibacterial activity. The Chi: CuO 4:1 sample 
had the lowest antibacterial efficacy against all tested strains, including Klebsiella pneumoniae, Pseudomonas 
aeruginosa, Escherichia coli, and Staphylococcus at the tested concentrations.

The morphological alterations resulting from the elevated concentration of the synthesized nano 
-biocomposite are presumed to influence antibacterial activity owing to their bulky characteristics. Previous 
research demonstrates that CuO-NP has diminished antibacterial efficacy at higher concentrations, commencing 
at 26.5 μg/ml, owing to concentration-induced aggregation, which modifies S. aureus sensitivity, as seen by the 
biphasic dose–response noted in a microbial viability experiment158. Another study demonstrated that CuO 
had superior antibacterial activity compared to ZnO, with minimum inhibitory concentrations of 1 mg/ml for 
E. coli and 0.25 mg/ml for S. aureus, indicating that increased concentrations may not improve performance 
owing to saturation effects159. CuO has also exhibited lower antibacterial action at higher concentrations owing 
to variations in size, shape, aggregation, and settling behaviour of bulk particles, resulting in reduced biofilm 
inhibition160. Therefore, these findings highlight that while CuO exhibits substantial antibacterial properties, 

Fig. 13.  Antibacterial activity of synthesized Chi:CuO nanocomposites and P. emblica, S.aromaticum coated 
composites at (a)10 mg/ml (b) 20 mg/ml and (c) 40 mg/ml.
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excessive concentrations may hinder its effectiveness due to aggregation and saturation effects. Optimizing 
concentration levels is crucial for maintaining its antibacterial efficacy.

To assess the synergistic impact of Chitosan-CuO nanocomposites with herbal extracts, the most effective 
biocomposites and the optimal concentration 20 mg/ ml, determined by the overall highest zone of inhibition, 
were selected for combination with Phyllanthus emblica (Indian gooseberry,), and Syzygium aromaticum (Clove). 
Consequently, the selected samples, Chi, CuO, Chi:CuO 1:4, and Chi:CuO 4:1, were combined with herbal 
extracts. The obtained results are given in Fig. 13b, while the inhibition zones obtained from the well diffusion 
method are depicted in Fig.  14. Among the best four performing samples tested Chi, CuO, Chitosan:CuO 
1:4, and Chitosan:CuO 4:1, the clove-loaded chitosan sample exhibited the highest zone of inhibition against 
Klebsiella pneumoniae, measuring 19.50 ± 0.50 mm. In contrast to previous discoveries that did not employ herbal 
extract coating, CuO has shown no significant effect on the antibacterial activity against Klebsiella pneumoniae, 
however clove has been crucial in inhibiting and reducing the proliferation of this specific microorganism. The 
maximum zone of inhibition for Pseudomonas aeruginosa was 20.33 ± 0.29 mm, whereas for Escherichia coli it 
was 23.67 ± 2.84 mm, both achieved using the same biocomposite, clove-loaded chitosan. Conversely, the gram-
positive Staphylococcus aureus exhibited the highest inhibition at 14.50 ± 1.04 mm due to clove loading with 
Chitosan:CuO 4:1. Chi:CuO 4:1 has demonstrated a significant impact on the synergistic interaction among 
chitosan, CuO, and clove extract. The amalgamation of chitosan with CuO and clove extract has previously 
also resulted in enhanced antibacterial activity, as each constituent addresses distinct antibacterial mechanisms. 
Chitosan improves the solubility and stability of CuO, whilst clove extract offers supplementary antibacterial 
properties161,162. Research demonstrates that the combination of chitosan and clove extract is very potent against 
Gram-positive bacteria, hence increasing the overall antibacterial effectiveness of food coatings163.

Among herbal extracts, clove had the most significant antibacterial activity against all four tested pathogens. 
Indian gooseberry has significant antibacterial action, inferior to that of clove. The rationale for this is likely 
the antibacterial properties of the primary bioactive components in these extracts, in conjunction with the 
synergistic effects of chitosan and CuO. CuO nanorods are immobilized on the chitosan matrix. These nano 
rods can easily perforate the bacterial cell wall and the membrane and hence easily penetrate the microorganism 
due to its sharp edges as shown in the Fig. 15. The intracellular material will be leaked due to the holes created 
through perforation and penetration of the nanorods, eventually leading to cell death.

Clove extracts have significant antibacterial activity, principally due to their abundant phytochemical 
constituents, such as eugenol, phenolics, flavonoids, and tannins. These chemicals compromise bacterial cell 
structures and obstruct vital biological processes, making clove extracts effective against several bacterial strains. 
Eugenol, a principal constituent of clove essential oil, compromises the structural integrity of bacterial cell walls 
and membranes, particularly in Staphylococcus aureus, resulting in the efflux of intracellular materials and 
subsequent cell death164. Scanning Electron Microscopy (SEM) has shown that clove extract may modify the 
shape of Vibrio alginolyticus cells, suggesting physical damage to bacterial structures165. Clove extracts disrupt 
biofilm formation, essential for bacterial survival and resistance. Eugenol diminishes biofilm cellular activity 
in both S. aureus and Escherichia coli, thereby impeding their development. Eugenol treatment enhances the 
generation of ROS in bacterial cells, resulting in oxidative stress and death. This is followed by increased activity 
of antioxidant enzymes, which ultimately surpasses the bacterial defense systems164. Clove extracts have shown 
promise in augmenting the effectiveness of antibiotics against multidrug-resistant bacteria. Despite the absence 
of direct contact, the amalgamation of clove extract with antibiotics such as nitrofurantoin and ciprofloxacin 
decreased the minimum inhibitory concentrations of these agents166. Similarly, the incorporation of chitosan 
and CuO must have contributed to the substantial antibacterial activity of the composite.

The antibacterial action of Phyllanthus emblica (Indian gooseberry) extracts is mainly due to its abundant 
phytochemical constituents, including phenolics, flavonoids, and tannins. P. emblica has elevated concentrations 
of phenolics and flavonoids, recognized for their antioxidant and antibacterial characteristics167. Analysis 
indicates the existence of carboxyl, carbonyl, and aromatic groups, which enhance its antibacterial effectiveness168. 
Molecular docking studies reveal that substances such as sitosterol have significant antibiofilm efficacy by 
inhibiting bacterial adhesion and proliferation169 The antioxidant ability of P. emblica extracts may contribute 

Fig. 14.  Antibacterial activity of synthesized plant extract coated composites (20 mg/ml) with test organisms. 
(a) Staphylococcus aureus (b) Pseudomonas aeruginosa (c) Escherichia coli and (d) Klebsiella pneumoniae.. 
1–Chitosan, 2–CuO, 6–Chi:CuO (1:4), 9–Chi:CuO (4:1) and N–Phylanthus emblica extract, C–Syzygium 
aromaticum extract.
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to reducing oxidative stress in bacterial cells, hence augmenting their antibacterial actions167. The antibacterial 
action is shown to be dose-dependent, with increased concentrations resulting in enhanced inhibition169.

The positive control, Amoxicillin, showed higher zones of inhibition than the P. emblica extract and the 
nanocomposites against all test microorganisms at 10, 20, and 40 mg/mL, but S. aromaticum extract exhibited a 
higher inhibition zone than the positive control against all the tested microbial species at all three concentrations. 
The highest zone of inhibition for Amoxicillin was recorded against Escherichia coli with a zone of 40.0 ± 0.67 mm 
at 40 mg/ mL.

In conclusion, clove and Indian gooseberry extracts have exhibited significant antibacterial potential 
through diverse mechanisms, making them promising candidates for antimicrobial applications. Clove’s 
efficacy is primarily attributed to eugenol, which disrupts bacterial cell membranes and inhibits enzyme 
activity. Indian gooseberry, abundant in polyphenols enhances oxidative damage and disrupts microbial biofilm 
formation164,165,168–171. The synergistic action of these natural extracts with biomaterials like chitosan and 
metal oxides like CuO has further enhanced their antibacterial properties, offering a sustainable and effective 
alternative for biomedical, food preservation, and pharmaceutical applications.

MIC and MBC assay  The MIC and MBC values were determined for all four test microorganisms. MIC is the 
minimum concentration of a substance that can prevent the observable growth of an organism, while MBC is the 
minimum concentration that inhibits growth in batch cultures. This can be ascertained from broth dilution MIC 
tests by subculturing onto agar media devoid of antibiotics162,172,173. The determined MIC, MBC, and MBC/MIC 
values are shown in Table 6.

The antibacterial activity was further evaluated based on the MBC/MIC ratio. If the MBC/MIC ratio ≤ 4, 
the effect is bactericidal, and if the MBC/MIC > 4, the effect is bacteriostatic172. Out of the samples coated with 
Clove, and Indian gooseberry tested, the best-performing samples from each category, depending on the overall 
antibacterial activity, were chosen for further evaluation. Therefore, Chi:CuO 1:4 coated with Indian gooseberry 
extract, and chitosan-coated with clove extract were chosen for the MIC/ MBC assay. The selected samples were 
tested against, Klebsiella pneumoniae, Pseudomonas aeruginosa, Escherichia coli and Staphylococcus aureus to 
derive MBC/ MIC values. The Chitosan sample coated with clove extract demonstrated an MBC/MIC ratio of 
16 against Staphylococcus aureus, while the other samples; Chi:CuO 1:4 coated with Indian gooseberry extract 
against Klebsiella pneumoniae, Pseudomonas aeruginosa, Escherichia coli, and Staphylococcus aureus, showed 
MBC/MIC values of 4 or lower. In particular, the Chitosan sample coated with clove extract exhibited MBC/
MIC values of 4 or below against all tested pathogens except for Staphylococcus aureus. Consequently, it may be 
inferred that only the Chitosan sample coated with clove extract exhibits bacteriostatic properties, whereas all 
other samples demonstrate bactericidal effects.

Pathogen

MIC (mg/mL) MBC (mg/mL)

Chi: CuO (1:4)PE Chi SA Chi: CuO (1:4)PE Chi SA

Klebsiella pneumoniae 2.50 10.00 0.63 40.00

Pseudomonas aeruginosa 0.31 0.31 0.31 0.31

Escherichia coli 0.31 0.31 0.31 0.31

Staphylococcus aureus 0.31 2.50 0.31 40.00

Table 6.  MIC and MBC activity of the tested composites.

 

Fig. 15.  SEM image of antibacterial mechanism of Chi:CuO (1:4) nanocomposite coated with S. aromaticum 
extract.
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The assertion about the MBC/MIC ratio as a factor influencing bactericidal vs. bacteriostatic effects is 
based on pharmacodynamics. The Minimum Bactericidal Concentration (MBC) is the minimal concentration 
of an antibiotic that eradicates a particular bacteria, while the Minimum Inhibitory Concentration (MIC) is 
the minimal concentration that suppresses its growth172,174. In clinical environments, comprehending this 
ratio facilitates the selection of suitable antibiotics, especially for resistant bacteria, hence assuring successful 
treatment results. A ratio of < 4 often indicates that the medicine successfully eradicates germs, as shown by 
vancomycin against certain strains of Staphylococcus aureus, where lower ratios corresponded with substantial 
bacterial decrease174. Discrepancies in MBC and MIC values across bacterial strains might result in varying 
treatment effects. Tolerant strains may have elevated MBC values despite low MICs and confounding treatment 
considerations175. Bactericidal agents, such as cephalosporins and other beta-lactam antibiotics, obstruct the 
synthesis of bacterial cell walls. Bacteriostatic drugs, such as chloramphenicol and clindamycin, inhibit or 
retard bacterial proliferation by obstructing protein synthesis172,173,176. The MIC and MBC tests supply essential 
information on an antibacterial agent’s mechanism of action.

Time-kill synergy assay  The antibacterial efficacy of the composites was then assessed in a liquid media by 
conducting a time-kill synergy testing on the tested bacteria. The concentration of materials (20 mg/ml) exhib-
ited substantial antibacterial activity against gram-negative Escherichia coli, Pseudomonas aeruginosa, and Kleb-
siella pneumoniae. Gram-positive Staphylococcus aureus was similarly inhibited at doses of 20 mg/ml. Figure 16 
illustrates the time-kill curves generated for the investigated bacterial pathogens in relation to all the studied 
composites. Bacterial suspensions in LB broth underwent a 12-h time-kill kinetic test with the incorporation of 
composites (20 mg/ml), and observations were recorded at 600 nm. The time-kill curve of composites against 
all examined bacterial pathogen strains exhibited a time-dependent firm inhibitory effect, which immediately 
impacted the bacterial cells prior to their attainment of the stationary phase. The growth curves of bacteria sub-
jected to composites indicate that these substances may impede both bacterial proliferation and reproduction. 
We have shown that synthesized materials can impede the proliferation of Gram-negative and Gram-positive 
bacteria by MIC tests, MBC tests, and traditional growth curves. The growth and development of all the tested 
bacterial strains were obstructed by the tested composites; Chi: CuO(1:4) coated with P. emblica and chitosan 
coated with S. aromaticum during the lag or log phase.

Fig. 16.  Time-kill curves of the test organisms (a) Staphylococcus aureus (b) Pseudomonas aeruginosa (c) 
Escherichia coli and (d) Klebsiella pneumoniae.
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A feature intrinsic to microbial kinetics is lag, often characterized as a delayed reaction of the microbial 
population to an abrupt environmental change. A lag phase may manifest in both growth and inactivation 
processes. Under favourable growth circumstances, the lag phase serves as an adaptation stage during which 
bacterial cells alter their physiology to exploit the new environment and commence exponential development177. 
This phase is marked by metabolic modifications, alterations in gene expression, and the buildup of vital nutrients. 
The duration of the lag phase may vary, often ranging from minutes to hours, depending upon the species and 
environmental factors. In contrast, in the log phase is characterized by accelerated cellular proliferation and 
population growth. In this phase, bacteria proliferate at a steady and maximum pace, resulting in a predictable 
population doubling time. This phase is essential for comprehending bacterial dynamics in many habitats, as 
it indicates ideal growth circumstances172,178. It is essential to recognize that not all bacterial populations have 
consistent growth patterns owing to environmental heterogeneity, perhaps resulting in prolonged lag periods 
or early shifts to stationary phases179. The related euations are mentioned in the supplementary information 
(Eqs. 1–3).

The antibacterial properties of clove, Indian gooseberry, chitosan, and CuO operate via many mechanisms 
that compromise bacterial cell integrity and functionality. Each agent utilizes specific mechanisms to exert its 
effects, including the inhibition of bacterial enzyme activity and the disruption of cell wall synthesis, resulting 
in cell lysis; the disruption of cell membranes, causing leakage of intracellular components; and the elevation of 
oxidative stress, ultimately inducing cell apoptosis. Additionally, the generation of ROS damages bacterial cell 
membranes and DNA, culminating in cell death123,124,133,135,163–166,170–172,180–182. Eventually, the size of a bacterial 
cell suitable for a certain environmental context and developmental outcome is attained by coordinating cell 
growth and division. When such synchronization is interrupted, the developmental trajectory is affected172,183 
therefore exhibiting deviations from a normal bacterial growth curve.ss

Conclusion
Chitosan, a naturally derived biopolymer was synthesized using shrimp shell waste material and it was 
hydrothermally coupled with CuO nanoparticles at nine ratios to synthesize the nanocomposite materials used 
in the study. Further, the nanocomposites were coated with the Phyllanthus emblica and Syzygium aromaticum 
methanolic plant extracts to synthesize the coated nanocomposites. Antioxidant, anti-inflammatory, and 
antibacterial activities as well as the total phenolic content and phytochemical analysis of the plant extracts and 
developed composite materials were tested. According to the 2,2-diphenyl-1-picrylhydrazyl assay, the antioxidant 
activity of the Phyllanthus emblica coated chitosan composite varied from 45.36% (0.005 mg/mL) to 94.88% 
(0.025 mg/mL), and the antioxidant activity of the Syzygium aromaticum coated chitosan composite varied from 
19.75% (0.005 mg/mL) to 58.98% (0.025 mg/mL). Considering the egg albumin denaturation assay, the anti-
inflammatory activity of Phyllanthus emblica coated chitosan composite varied from 13.98% (0.1 mg/mL) to 
74.30% (0.7 mg/mL), and the anti-inflammatory activity of Syzygium aromaticum coated chitosan composite 
varied from 21.98% (0.1 mg/mL) to 80.00% (0.7 mg/ml). The total phenolic content of all the samples tested varied 
in the range of 45.43–45.78 mg GAE/mL. In the antibacterial study, Chitosan: CuO 1:4 was shown to be the most 
efficient against all pathogenic strains, effectively reducing bacterial growth and suggesting optimal efficacy, 
and out of the coated samples, SaC was the most effective against all tested organisms at 20 mg/mL. The tested 
composites obstructed the growth and development of all the tested bacterial strains (Chi: CuO 1:4) PE, (Chi) 
SA at the lag or log phase, as shown in the time-synergy kill curve. Plant extract-coated chitosan composites were 
tested for their potential to be used as a controlled delivery system by enhancing the pharmacokinetic properties 
of bioactive compounds, including gallic acid, ellagic acid, and eugenol. According to the drug delivery study 
results, Quasi-Fickian diffusion was proven to be the responsible release mechanism of the bioactive compounds 
from the chitosan delivery system. This investigation showed that the release of PeC and SaC composites was 
dependent on both pH and ionic strength. The protonation of NH2 groups caused swelling increasing the release 
while deprotonation (pH > 6.7) caused the collapse reducing the diffusion. Further, the porosity of the polymer 
matrix was changed with Na+ and Cl– ion concentration as they shielded the NH3

+ groups. As shown in the 
study, the hydrophobic nature of eugenol, the formation of H-bondings by the phenolic and carboxylic groups 
in ellagic acid and gallic acid and weaker van der Waals interactions of eugenol were the key factors governing 
the release of bioactive compounds from the chitosan matrix. Because of chitosan swelling and polyphenol 
solubility, PeC exhibited burst release at pH 1, whereas release declined at neutral-alkaline pH as the matrix 
collapsed due to the deprotonation of NH3

+ groups. SaC showed improved release at high ionic strength (0.4–
0.5 M NaCl) and optimal release at pH 4 mediated by hydrophobic interactions. Release kinetics analysis showed 
that both systems were dominated by quasi-Fickian diffusion, with SaC favoring hydrophobic expulsion and PeC 
being responsive to ionic shielding. Both composites demonstrated their potential for controlled drug release 
at physiological conditions (pH 7.4, 0.2  M NaCl) by achieving sustained release, with SaC via hydrophobic 
nanochannels and PeC through residual porosity. Therefore, diffusion supported by the relaxation and swelling 
of the polymer network is responsible for the release of the bioactive compounds. This study has several 
limitations, including the absence of in vivo experiments, the restricted water solubility of the delivery system 
attributed to the high molecular weight of chitosan, and the lack of cytotoxicity, metabolic, and excretion assays, 
as well as evaluations of potential cumulative effects that could impact drug safety. Consequently, additional in 
vivo studies are necessary to investigate the antioxidant and anti-inflammatory properties and the efficiency of 
drug delivery. Moreover, the potential of chitosan as a carrier molecule for the targeted delivery of the bioactive 
compounds gallic acid, ellagic acid, and eugenol to specific tissues requires thorough investigation. Further 
research should focus on assessing the cytotoxicity and safety profile of the newly synthesized drug composite to 
ensure its therapeutic applicability.
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The datasets used and/or analyzed during the current study are available from the corresponding author on 
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