
147 
 

*For Correspondence: ash.starred@gmail.com 
©2025 The authors 
This is an Open Access article distributed under the terms of the Creative Commons Attribution (CC BY NC), which permits unrestricted use, 
distribution, and reproduction in any medium, as long as the original authors and source are cited. No permission is required from the authors or 
the publishers. (https://creativecommons.org/licenses/by-nc/4.0/) 

  
Journal of Applied Pharmaceutical Research  
Volume 13 Issue 5, Year of Publication 2025, Page 147 – 164 
DOI: https://doi.org/10.69857/joapr.v13i5.1300  

 s 

Research Article 

JOURNAL OF APPLIED PHARMACEUTICAL RESEARCH | JOAPR 
www.japtronline.com              ISSN: 2348 – 0335 

 

BIOGENIC ZINC OXIDE NANOPARTICLES FROM SARACA ASOCA: 
CYTOTOXICITY, ANTIOXIDANT, ANTIMICROBIAL EVALUATION, AND 

TOPICAL GEL DEVELOPMENT 
Aishwarya Jain*, Kiran Bhise 

  
Article Information  ABSTRACT 
Received:18th June 2025  Background: Green synthesis of nanoparticles offers an eco-friendly and cost-effective alternative to 

conventional methods. Saraca asoca, a traditionally valued medicinal plant, contains bioactive 

compounds suitable for the fabrication of nanoparticles. This study reports the synthesis of zinc oxide 

nanoparticles (ZnO NPs) using Saraca asoca bark apozem and their incorporation into a biocompatible 

chitosan gel for topical applications. Methodology: ZnO NPs were synthesized via a green route using 

varying concentrations of zinc acetate (0.05–0.15 M) and Saraca asoca bark apozem (75–150 mg/mL), 

optimized through a 3² factorial design. The nanoparticles exhibited favorable formulation efficiency 

with % yield (40–46%), entrapment efficiency (55–62%), and drug loading (35–40%). Characterization 

confirmed nanoscale size (72.7–134.8 nm), negative zeta potential (–38.2 to –50.4 mV), UV–Vis 

absorbance (λmax = 366 nm), FTIR peaks of stabilizing –OH and –COO⁻ groups, and crystalline PXRD 

patterns. The optimized nanoparticles were incorporated into a 2% chitosan gel (Ash–ZnO NPs Cs gel). 

Results and Discussion: Antioxidant studies revealed strong free radical scavenging potential (IC₅₀ = 

19.8 µg/mL). The Ash–ZnO NPs exhibited antimicrobial activity against Staphylococcus 

aureus and Candida albicans (MICs: 156.25 and 78.12 µg/mL). Cytotoxicity studies confirmed 

negligible toxicity (LC₅₀ > 1000 µg/mL). In vitro release studies demonstrated sustained and diffusion-

controlled drug release, with Ash–ZnO NPs Cs gel achieving 96% release at 48 h compared to the burst 

release of silver nitrate gel. Conclusion: Saraca asoca-mediated ZnO NPs incorporated in chitosan gel 

represent a safe, stable, and multifunctional topical formulation. Their strong antioxidant, antimicrobial, 

biocompatible, and sustained release properties underscore their potential for wound healing and skin 

infection management. 
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INTRODUCTION 
Nanoengineering, the manipulation of materials at the nanoscale 
(1–100 nm), has transformed biomedical research, with 
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applications spanning drug delivery, wound healing & infection 
control. Among nanomaterials, zinc oxide nanoparticles (ZnO 
NPs) are particularly valued for their antimicrobial, antioxidant, 
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and anti-inflammatory properties, owing to their high surface-
to-volume ratio and surface reactivity. However, their tendency 
to aggregate and undergo oxidative degradation poses 
significant challenges for stability and practical use [1]. Green 
synthesis methods, which harness plant-based phytochemicals 
as natural reducing and capping agents, offer an eco-friendly 
solution. Recent botanical-mediated ZnO NP synthesis include 
the use of Piper guineense seed extract, yielding highly 
dispersed ~7 nm particles with promising antibacterial efficacy 
[2], Wodyetia bifurcata fruit peel extract producing 11–25 nm 
ZnO NPs demonstrated in wound-healing & anticancer models 

[3] & Polyalthia longifolia leaf extract resulting in ~27.5nm 
ZnO NPs with effective antifungal activity [4]. In this study, we 
introduce aqueous bark extract of Saraca asoca, abundant in 
flavonoids like quercetin and gallic acid, as a green synthesis 
medium for ZnO NPs (Ash–ZnO NPs). Unlike previous 
botanical approaches, Saraca asoca offers a unique 
phytochemical profile that enhances both colloidal 
stability and anti-oxidative protection, reducing agglomeration 
and oxidative degradation. The rich polyphenolic matrix can act 
as a dual-function stabilizer and capping agent, potentially 
delivering better physicochemical control compared to the cited 
studies, which predominantly used leaf or seed extracts with 
differing phytochemical spectra [5]. To further improve stability 

and therapeutic functionality, the Ash–ZnO NPs were embedded 
in a 2% chitosan gel (Ash–ZnO NPs Cs gel). Chitosan 
contributes to biocompatibility, sustained release, and prevents 
particle aggregation features that are only tentatively addressed 
in existing works. In summary, this study not only extends recent 
green-synthesis trends with a novel plant source but also 
integrates chitosan delivery to advance colloidal stability and 
functionality, paving the way for safer and more effective topical 
formulations for wound care. The synthesis of ZnO NPs 
using Saraca asoca apozem is facilitated by its phytochemicals, 
flavonoids, gallic acid, ellagic acid, quercetin, and terpenes, 
which act as reducing, capping, and stabilizing agents (Figure 
1). Zinc acetate undergoes hydrolysis to form Zn(OH)₂, which is 
then reduced to ZnO by hydroxyl groups from the apozem [6]. 
 
REACTION STEPS: 
1. Zn(CH₃COO)₂ + 2H₂O → Zn(OH)₂ + 2CH₃COOH 
2. Zn(OH)₂ —(via –OH groups)→ ZnO + H₂O 
These bioactives also prevent agglomeration by forming a 
stabilizing shell; factors like temperature, pH, and reagent 
concentration influence particle size and morphology. FTIR 
analysis confirmed –OH group involvement in reduction and 
stabilization during synthesis [7].

 
PROCESS OF FABRICATION OF ASH-ZNO NPS 

 
Figure 1: Schematic of the Process of fabrication of Ash-ZnO NPs 

MATERIALS  
Saraca asoca (Ash) bark powder was sourced locally and 
authenticated via phytochemical screening. Zinc acetate 
dihydrate, sodium hydroxide, ethanol, ascorbic acid, and DPPH 
were obtained from SRL Chemicals (Mumbai, India). Medium 
molecular weight chitosan (50,000–190,000 Da; 75–85% 
deacetylation) was also procured from SRL. 

Preparation of Saraca asoca (Ash) Aqueous Apozem 
Maceration was employed to extract phytochemicals 
from Saraca asoca bark due to its simplicity and ability to 
preserve bioactive integrity. In this process, 40 g of bark powder 
was soaked in 0.1 L of water and left overnight, enabling passive 
diffusion without degrading the active compounds, thus 
ensuring optimal extraction [8]. 
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Phytochemical and Physicochemical Evaluation of Saraca 
asoca Bark Apozem  
Qualitative Phytochemical Analysis  
The aqueous apozem of Saraca asoca bark was screened for the 
presence of major phytoconstituents using standard qualitative 
procedures: 
Alkaloids (Mayer’s Test): A few drops of Mayer’s reagent were 
added dropwise along the side of a test tube containing the 
apozem.  
Flavonoids (Alkaline Reagent Test): To 1 mL of apozem, two 
drops of aluminium chloride (AlCl₃) solution were mixed, 
followed by a small amount of concentrated sulfuric acid.  
Saponins (Lead Acetate Test): To 1 mL of apozem, 1 mL of 
lead acetate solution was mixed.  
Tannins (Ferric Chloride Test): A Small amount of ferric 
chloride solution was mixed with 2 mL of the apozem.  
 
Physicochemical Parameters  
Physicochemical evaluation was facilitated following standard 
pharmacopeial guidelines to ensure the quality and identity of 
the plant material. 
Foreign Organic Matter: The sample was visually inspected & 
any extraneous matter, such as dirt, stem pieces, or foreign 
particles, was manually separated, dried & weighed to assess 
purity.  
Moisture Content (Loss on Drying): Accurately weighed plant 
material was dehydrated in a hot air oven at 105 °C until a stable 
weight was achieved. Moisture content was expressed as a 
percentage.   
Total Ash Value: The powdered bark was incinerated in a box 
furnace at 500–600 °C until white ash was obtained.   
Acid-Insoluble Ash: The total ash was boiled with dilute 
hydrochloric acid, filtered, and the residue was carbonized to 
examine the acid-insoluble portion.   
Water-Insoluble Ash: Bark powder was treated with water, 
filtered, and the residue was carbonized to determine the water-
insoluble fraction. 
 
Extractive Value Determination   
The extractive values were assessed using different solvents to 
estimate the presence of various classes of phytoconstituents: 
Water-Soluble Extractive: The bark powder was macerated 
with water, filtered, and evaporated until it became dry.   
Alcohol-Soluble Extractive (95% Ethanol): Same procedure 
using ethanol as solvent.   

Chloroform-Soluble Extractive and Petroleum Ether-
Soluble Extractive: Maceration was done with the respective 
solvents, followed by filtration and evaporation. 
 
Fingerprinting Analysis   
To authenticate Saraca asoca bark apozem, fingerprinting was 
conducted using High-Performance Thin Layer 
Chromatography (HPTLC). Characteristic peaks and spots 
corresponding to biomarkers such as gallic acid and quercetin 
confirmed the identity and quality of the apozem [9]. 
 
Green Synthesis of ZnO Nanoparticles Via Co-Precipitation 
Employing Saraca asoca Bark Apozem 
ZnO nanoparticles were synthesized via a co-precipitation 
method using Saraca asoca bark apozem as a phytochemical-
rich reducing and stabilizing agent. The apozem was prepared 
by boiling 40 g of powdered bark in 0.1 L of distilled water, 
yielding a concentrated apozem (400 mg/mL). This stock 
solution was subsequently diluted with distilled water to achieve 
the working concentration range of 75–150 mg/mL as required 
by the factorial design [10]. A 3² factorial design was employed 
to optimize two independent variables: zinc acetate 
concentration (0.05–0.15 M) and S. asoca apozem concentration 
(75–150 mg/mL). These ranges were selected based on a 
combination of preliminary screening experiments and trends 
reported in recent green-synthesis literature, which indicate that 
lower zinc acetate concentrations may lead to incomplete 
nucleation. In contrast, excessively high levels can cause particle 
agglomeration and reduced bioactivity. Similarly, the apozem 
range was chosen to balance phytochemical availability for 
effective reduction and capping against the potential for organic 
overloading, which can affect crystallinity and stability [11]. 
During synthesis, the zinc acetate solution was mixed with the 
diluted apozem under continuous stirring, and the pH was 
adjusted to 8–12 using 1 M NaOH. The reaction mixture was 
maintained at 60 °C for 30 minutes, during which the formation 
of a white to buff precipitate indicated the generation of ZnO 
nanoparticles. The precipitate was centrifuged, washed with 
distilled water to remove residual reactants, and oven-dried at 
60°C overnight before further characterization. 
 
Design Expert Analysis 
The data obtained from the experiment were studied through 
Design Expert version 13 with a factorial design. The effects and 
interactions of the variables were assessed by using cube plots 
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since three factors are being studied [10]. For the prediction and 
verification of results, a one-sample t-test was conducted with a 
confidence level that was set at 95%. 
 
Formulation of Ash-ZnO NPs embedded in chitosan (Cs) Gel  
The optimized Ash-ZnO NPs (Batch 5 from the 3² factorial 
design), selected for their balanced particle size, zeta potential, 
and drug loading capacity, were incorporated into a 2% w/v 
chitosan gel to enhance formulation stability & therapeutic effi-  
cacy. Chitosan was chosen as the carrier matrix due to its well-
documented biocompatibility, biodegradability, and intrinsic 
antimicrobial properties. Importantly, chitosan can address two 
common limitations of ZnO NPs agglomeration and short skin 
residence time by providing a polymeric network that prevents 
particle clustering and promotes prolonged adhesion at the 
application site [12]. Precedent studies have demonstrated that 
embedding ZnO NPs in chitosan-based gels improves wound 
healing and antimicrobial performance compared to 
nanoparticle suspensions, primarily due to sustained release 

kinetics and enhanced interaction with skin tissue. The use of a 
mucoadhesive, hydrophilic gel base also facilitates a moist 
wound environment, which is favorable for tissue regeneration 
and reduces oxidative stress at the site of application.  
 
In this study, chitosan (medium molecular weight, viscosity 
~200–400 mPa·s, degree of deacetylation ~85%) was dissolved 
in 1% v/v acetic acid and stirred for 24 h to ensure complete 
solubilization. The solution was filtered through Whatman No. 
1 filter paper and sterilized by autoclaving at 121 °C for 15 min. 
The Ash-ZnO NPs were then homogeneously dispersed into the 
sterile chitosan gel, followed by the addition of 2 mL glycerol as 
a humectant. The pH was adjusted to 5.5–6.0 using 1 M NaOH 
to ensure compatibility with skin physiology [13]. The resulting 
Ash-ZnO NPs Cs gel exhibited enhanced bioadhesion, physical 
stability, and controlled drug release compared to unformulated 
nanoparticles. The formulation process and final gel consistency 
are illustrated in Figure 2, confirming the homogeneous 
distribution of nanoparticles within the chitosan matrix.

 
Figure 2: Incorporation of Ash-ZnO NPs in Chitosan Matrix forming Ash-ZnO NPs Cs gel 

 

Ultraviolet-Visible (UV-VIS) Spectroscopy 
UV–Vis spectroscopy confirmed Ash-ZnO NPs synthesis and 
bandgap, and assessed nanoparticle dispersion in the Cs gel. 
Each 0.01 g sample was sonicated in distilled water, and 2 mL 
of the suspension was scanned between 200–700 nm using a 
UV–Vis spectrophotometer [14]. 
 
Fourier Transform Infrared (FTIR) Spectroscopy 
FTIR analysis (4000–400 cm¹) was conducted to identify 
functional groups involved in Ash-ZnO NPs and Ash-ZnO NPs 
Cs gel synthesis. It revealed biomolecular interactions from 
Saraca asoca apozem and changes after chitosan gel 
incorporation [15]. 

Powder X-Ray Diffraction (PXRD) Analysis 
PXRD analysis of synthesized Ash-ZnO NPs and Ash-ZnO NPs 
Cs gel was carried out using Cu-Kα radiation (λ = 1.5406 Å) 
over a 2θ range of 10°–80°. The diffraction patterns were 
compared with JCPDS reference data to confirm the crystalline 
nature of ZnO and its successful incorporation of Ash-ZnO NPs 
into the Cs gel matrix [16]. 
 
Scanning Electron Microscopy (SEM) Analysis 
SEM (200 kV) was employed to examine the surface 
morphology of Ash-ZnO NPs and Ash-ZnO NPs Cs gel. The 
images revealed the particle shape, size, uniformity, and 
dispersion, which are essential for evaluating their structural and 
functional properties [17]. 
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Differential Scanning Calorimetry (DSC) Analysis 
DSC was performed to evaluate the thermal behavior & 
compatibility of Ash-ZnO NPs and the Ash-ZnO NPs Cs gel. 
This technique helps identify thermal transitions such as 
melting, crystallization & decomposition, which can provide 
insight into possible interactions between nanoparticles and the 
polymer matrix. Accurately weighed samples (2–5 mg) of each 
formulation were sealed in standard aluminium pans, with an 
empty aluminium pan used as the reference. The samples were 
heated from 30°C to 400°C at a constant rate of 10°C/min under 
a nitrogen atmosphere to prevent oxidative degradation [18]. 
The obtained thermograms were examined for endothermic and 
exothermic events. Variations in peak position, intensity, or 
number between the Ash-ZnO NPs and the Cs gel formulation 
were interpreted as indicators of nanoparticle–polymer 
interactions and the degree of thermal stability of the 
nanoparticles within the gel network. 
 
In-Vitro Drug Release  
An in vitro drug release study was performed using a Franz 
Diffusion Cell with a diffusion surface area of 3.14 cm². The 
study aimed to evaluate and compare the release kinetics and 
permeation behavior of the Ash-ZnO NPs Cs gel against 
formulated Ash-ZnO NPs and a marketed silver nitrate gel. A 
dialysis membrane (molecular weight cut-off: 12,000–14,000 
Da) was used to simulate the skin barrier, separating the donor 

and receptor chambers. The donor chamber was loaded with 
equal amounts of each formulation. In contrast, the receptor 
chamber contained phosphate-buffered saline (PBS, pH 7.4) 
maintained at 37 ± 0.5 °C and continuously stirred at 100 rpm to 
replicate physiological skin conditions [19].  
Aliquots (2 mL) were withdrawn at predetermined intervals over 
48 hours and replaced with fresh PBS to maintain sink 
conditions. The samples were analyzed using UV-visible 
spectrophotometry to determine the amount of drug released at 
each time point. The cumulative % drug release was plotted 
against time to generate the release profile for each formulation. 
Additionally, permeation parameters, such as steady-state flux 
(Jss, μg/cm²/h) and enhancement ratio (ER) , were calculated to 
quantify performance differences. This approach not only 
validates the controlled release capability of the Ash-ZnO NPs 
Cs gel but also allows direct comparison with conventional and 
formulated nanoparticle systems [20]. 
 
Brine Shrimp (Artemia Salina) Lethality Assay (BSLA) 
BSLA assessed the cytotoxicity of Ash-ZnO NPs (Batches 1–9), 
Ash-ZnO NPs Cs gel, and standard silver nitrate gel. Artemia 
salina nauplii were exposed to samples in artificial seawater for 
24 hours. Mortality (%) was calculated, and LC₅₀ values were 
derived to determine cytotoxic potential (Figure 3). This assay 
offers a cost-effective and ethical method for preliminary 
toxicity screening [21-22]. 

 
Figure 3: Brine Shrimp Lethality Assay assessed for Green Synthesised Ash-ZnO NPs and Ash-ZnO NPs Cs gel. 

 
Figure 4: Hemolytic Assay of Ash-ZnO NPs, Ash-ZnO NPs Cs gel. 



Journal of Applied Pharmaceutical Research 13 (5); 2025: 147 – 164  Bhise et al.  
 

 
 Journal of Applied Pharmaceutical Research (JOAPR)| September – October 2025 | Volume 13 Issue 5 | 152 

Hemolytic Assay  
The in vitro biocompatibility of Ash-ZnO NPs (Batches 1–9), 
Ash-ZnO NPs Cs gel, and a marketed silver nitrate gel was 
assessed via hemolytic assay using human RBCs. Following 
incubation with test samples, absorbance of the supernatant was 
recorded at 405 nm (Figure 4), and % hemolysis was calculated. 
Based on ASTM criteria, the assay confirmed blood 
compatibility of the formulations [23]. 
 
Evaluation of Antioxidant Potential 
The antioxidant activity of Ash-ZnO NPs (Batches 1–9), Ash-
ZnO NPs Cs gel, and marketed silver nitrate gel was assessed 
using the DPPH assay. Samples were reacted with DPPH 
solution and incubated in the dark for 1 hour. Absorbance was 
measured at 517 nm, and scavenging activity was calculated. 
Ascorbic acid served as the standard, and results were compared 
to assess radical scavenging efficiency [24]. 
 
Anti-Microbial Assay 
The antimicrobial efficacy of Ash-ZnO NPs & Ash-ZnO NPs Cs 
gel was assessed using the broth dilution method against 
Staphylococcus aureus & Candida albicans, key wound 
pathogens23. MIC values were determined using serial 
dilution(5000 -9.76  µg/mL) in 96-well plates. Post-incubation, 
the Resazurin dye indicated microbial viability. MIC was 
recorded as the lowest concentration with no color change. 
Amoxicillin & amphotericin B were used as standard controls 
for S. aureus & C. albicans, respectively [25]. 
 
RESULT AND DISCUSSION 
Qualitative Phytochemical Analysis 
Phytochemical screening of Saraca asoca bark apozem 
confirmed the presence of several bioactives. Alkaloids (++) 
were detected via Mayer’s test; flavonoids (+++) and phenolics 
(+++) showed strong presence through alkaline reagent and 
ferric chloride tests, respectively. Moderate levels of tannins 
(++) were indicated by greenish-violet coloration, while 
saponins (+) were mildly present [26]. These compounds, 
known for their antioxidant, antimicrobial, and wound-healing 
properties, validate the apozem's suitability for green 
nanoparticle synthesis. 
 
Physicochemical Parameters 
The Saraca asoca bark met the pharmacopeial standards for 
identity and purity. Foreign organic matter was minimal (0.3% 

w/w), and moisture content was 6.2% w/w, indicating good 
storage stability. Total ash (4.5% w/w), acid-insoluble ash (1.0% 
w/w), and water-insoluble ash (1.5% w/w) were all within 
acceptable limits, confirming low contamination and high-
quality raw material [27].  
 
Extractive Value Determination 
The extractive profile of Saraca asoca bark showed high water-
soluble (20% w/w) and alcohol-soluble (18% w/w) values, 
indicating abundant polar and semi-polar bioactives like 
quercetin and gallic acid. Chloroform-soluble extractive was 
moderate (6% w/w), while petroleum ether-soluble extractive 
was the lowest (2% w/w), suggesting minimal non-polar 
constituents. These results confirm the bark’s richness in 
hydrophilic and moderately polar phytoconstituents [28]. 
 
HPTLC Fingerprinting Analysis 
To confirm the quality of Saraca asoca bark apozem, High-
Performance Thin Layer Chromatography (HPTLC) was 
conducted. The fingerprinting analysis identified three major 
biomarkers: Quercetin with an observed Rf value of 0.583 
(standard: 0.600), Gallic Acid with an observed Rf value of 
0.142 (standard: 0.158), and Ellagic Acid with an observed Rf 
value of 0.407 (standard: 0.463), as shown in Figure 5.  
 
The close agreement between the observed and standard Rf 
values indicates high specificity, purity, and consistency of the 
apozem. The occurrence of these characteristic peaks confirms 
the authenticity of the Saraca asoca bark apozem and supports 
its suitability for use in green synthesis applications, such as the 
development of Ash-ZnO NPs [29]. 
 
Green Synthesis Mechanism 
The synthesis of Ash-ZnO NPs proceeds in three phases: 
(1) Activation, where Zn²⁺ ions from zinc acetate are reduced by 
Saraca asoca bark metabolites (e.g., quercetin, gallic acid, 
ellagic acid), initiating nucleation; (2) Growth, involving 
Ostwald ripening and continued reduction, promoting 
nanoparticle enlargement and stabilisation; and (3) Termination, 
where particles attain stable morphology and oxidise to form 
well-dispersed Ash-ZnO NPs.  
 
This eco-friendly process underscores the phytochemical 
potential of Saraca asoca in nanoparticle formulation for 
biomedical use [30]. 
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Figure 5: HPTLC Fingerprinting of Saraca asoca bark 
apozem. 
 
OPTIMISATION VIA FACTORIAL DESIGN 
A 32 factorial design was employed to optimize the green 
synthesis of Ash-ZnO NPs using Saraca asoca bark apozem and 
zinc acetate as the critical formulation variables [31]. The study 
evaluated the effect of apozem concentration (75–150 mg/mL) 
and zinc acetate molarity (0.05–0.15 M) on primary quality 
attributes: percentage yield, entrapment efficiency, drug loading, 
particle size, and zeta potential. The factorial design matrix 
(Table 1) demonstrated that the formulations yielded % values 
ranging from 40–46%, entrapment efficiency between 55–62%, 
and drug loading of 35–40%. Particle size varied from 72.7 nm 
(smallest) to 134.8 nm (largest), while zeta potential ranged 
from –38.2 mV to –50.40 mV. Among all 9 formulations, Batch 

5 exhibited the most desirable characteristics: 46% yield, 62% 
entrapment efficiency, 40% drug loading, particle size of 76.3 
nm, and zeta potential of –45.33 mV, confirming it as an 
optimized and stable nanoparticulate system. The zeta potential 
values exceeding –30 mV across all formulations confirm strong 
electrostatic repulsion, preventing agglomeration during storage 
and supporting excellent colloidal stability. Such stability is 
advantageous for subsequent incorporation into the chitosan gel 
matrix, as the negatively charged ZnO NPs can form 
electrostatic and hydrogen bonding interactions with chitosan’s 
amino groups, enhancing uniformity & preventing aggregation. 
 
Statistical Analysis 
Analysis of variance (ANOVA) was performed to validate the 
model fitting for factorial design. The p-values (< 0.05) for both 
main effects (apozem concentration and zinc acetate molarity) 
and their interaction confirmed the significance of these factors 
in influencing the dependent variables. The model F-
values indicated that the selected polynomial models were 
statistically significant.  
 
The regression analysis yielded R² values greater than 0.95 for 
all responses (% yield, entrapment efficiency, drug loading, 
particle size, and zeta potential), signifying an excellent 
correlation between the experimental and predicted data. 
Adjusted R² values were also >0.93, confirming the reliability of 
the model with minimal overfitting [32]. Contour plots and 
three-dimensional response surface plots (Figure 6) illustrated 
the interaction between the independent factors, showing that a 
balanced concentration of both apozem and zinc acetate (central 
point, 100 mg/mL and 0.1 M) maximized the nanoparticle 
stability and performance attributes. Residual plots showed 
normally distributed errors and no significant deviations, 
confirming model adequacy. 

Table 1: Factorial Design of Green Synthesis of Zinc Oxide Nanoparticles. 

Batch Saraca asoca 
apozem 

Zinc 
acetate % yield Entrapment 

efficiency 
Drug 

loading 
Particle Size 

(nm) Zeta Potential 

1 75 0.05 40 55 35 78.7 -38.2±0.56 
2 75 0.1 42 58 37 79.4 -42.10±1.34 
3 75 0.15 43 60 38 72.7 -46.80±1.28 
4 100 0.05 42 59 36 88.3 -39.10±0.51 
5 100 0.1 46 62 40 76.3 -45.33±0.17 
6 100 0.15 45 61 39 98.5 -50.40±0.14 
7 150 0.05 43 60 38 110.2 -40.77±0.61 
8 150 0.1 44 62 39 114.9 -44.47±0.42 
9 150 0.15 45 61 40 134.8 -39.33±0.26 
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SEM Image Reanalysis 
All SEM micrographs were re-quantified using ImageJ 
software to determine particle size distribution. The 
nanoparticles exhibited a narrow size distribution 
(polydispersity index < 0.3), consistent with the DLS 
measurements reported in Table 1. Updated SEM figures now 
include scale bars for clarity. 
 
Table No. 2 presents the independent factors (aqueous apozem 
concentration and zinc acetate concentration) at three levels (-1, 
0, +1) and their corresponding dependent factors, including % 
yield, entrapment efficiency, and drug loading. Topical gel 
parameters (viscosity, spreadability, homogeneity) were not 
reported. 
Table 2: Independent factors and their levels for the 
optimization of zinc oxide nanoparticle biosynthesis using a 
32 factorial design. 

Factors level Dependent factor 
 -1 0 +1 % yield 

Saraca asoca 
apozem 

75 100 150 Entrapment 
efficiency 

Zinc acetate 0.05 0.1 0.15 Drug loading 
 

Physicochemical Evaluation of Ash-ZnO NPs Cs Gel 
The Ash-ZnO NPs Cs gel was subjected to a series of 
physicochemical tests to assess its suitability for topical 
application. The formulation exhibited a smooth, uniform, and 
semi-transparent appearance, free from lumps or visible 
particulate matter, indicating excellent homogeneity. The 
measured pH was 6.3, which falls within the ideal range for 
maintaining skin integrity and supporting the wound-healing 
process without irritation [33]. The viscosity of the gel was 
recorded at 32,000 cP at room temperature, ensuring a balance 
between adequate retention at the application site and ease of 
spreading. The spreadability value was 22 g·cm/sec, reflecting 
its ability to be applied evenly over the skin surface without 
requiring excessive pressure. Rheological analysis confirmed 
that the formulation displayed shear-thinning (pseudoplastic) 
behavior, enabling the gel to spread readily under applied stress 
while maintaining its structural integrity during rest. These 
parameters, viscosity, homogeneity, and spreadability, are 
considered essential quality attributes for topical gels, as they 
directly influence user acceptability, drug release, and overall 
therapeutic performance [34]. The observed results confirm that 
the prepared Ash-ZnO NPs Cs gel meets the required standards 
for an effective wound-healing formulation. 

 
Figure 6: 3D Contour graphs of % yield, Entrapment Efficiency and Drug Loading. 
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UV-VISIBLE Spectroscopy Analysis 
UV-visible spectroscopy confirmed the successful formation of 
Ash-ZnO NPs and Ash-ZnO NPs Cs gel, depicting the 
characteristic absorption peaks at 366 nm and 370 nm, 
respectively. These peaks indicate the intrinsic bandgap of ZnO, 
validating nanoparticle formation and structural integrity [35]. 
The spectra reflect strong interaction between Saraca asoca 
metabolites and zinc ions, confirming nanoparticle stability and 
uniformity (Figure 7). 

 
Figure 7: UV-Spectra of Ash-ZnO NPs and Ash-ZnO NPs Cs 
gel. 
 
FTIR Analysis 
FTIR spectroscopy was used to confirm the functional groups 
involved in the green synthesis of ZnO nanoparticles and their 
subsequent incorporation into the chitosan gel matrix. 
The Saraca asoca bark extract spectrum exhibited characteristic 
peaks at 3325 cm⁻¹ (O–H stretching, phenolic and alcoholic 
groups), 2924 cm⁻¹ (C–H stretching of alkanes), 1652 cm⁻¹ 
(C=O stretching of carbonyl groups, possibly from flavonoids), 
1606 and 1512 cm⁻¹ (aromatic C=C stretching), 1442 cm⁻¹ (CH₂ 
bending), 1318 cm⁻¹ (C–N stretching of amines), and 762 cm⁻¹ 
(aromatic C–H bending), indicating the presence of polyphenols, 
proteins, and aromatic compounds known to participate in 
nanoparticle reduction and stabilisation [36]. For Ash-ZnO NPs, 
prominent peaks were observed at 3328 cm⁻¹ (O–H stretching 
from adsorbed phytochemicals and surface hydroxyls), 2920 
cm⁻¹ (C–H stretching), 1654 cm⁻¹ (C=O stretching from residual 
organic moieties), 1384 cm⁻¹ (C–N or phenolic C–O stretching), 
and a strong band at 683 cm⁻¹ assigned to Zn–O stretching 

vibrations, confirming the successful formation of ZnO 
nanoparticles. Chitosan exhibited bands at 3353 cm⁻¹ (O–H and 
N–H stretching), 1647 cm⁻¹ (amide I), 1583 cm⁻¹ (amide II), and 
1149 cm⁻¹ (C–O–C bridge stretching), consistent with its 
polysaccharide structure. Upon formulation of the Ash-ZnO NPs 
Cs gel, the amide I and II peaks showed slight shifts, suggesting 
hydrogen bonding and electrostatic interactions between the 
protonated amino groups of chitosan and the capped ZnO 
nanoparticles. The retention of the Zn–O peak with a minor shift 
confirmed nanoparticle encapsulation and stabilization in the gel 
network, producing a uniform and stable delivery system (Figure 
8). 
 
PXRD Analysis 
X-ray diffraction (PXRD) validated the crystalline structure of 
Ash-ZnO NPs and Ash-ZnO NPs Cs gel, with distinct 2θ peaks 
at 10.3, 29.9, 31.9, 34.6, 36.4, and 47.6, corresponding to the 
{100}, {002}, {110}, {103}, {112}, and {201} planes. These 
peaks align with JCPDS standards, verifying the crystallinity of 
the Ash-ZnO NPs and Ash-ZnO NPs Cs gel [37]. The results are 
aligned with previous studies on plant-mediated ZnO NPs 
(Figures 9.1 and 9.2) 
 
SEM Analysis 
SEM analysis of Ash-ZnO NPs and Ash-ZnO NPs Cs gel mainly 
presented a spheroidal shape with a size distribution from 40 nm 
to 100 nm, as shown in Figure 10. The discerned SEM images 
have negligible agglomeration, signifying that the available 
phytoconstituents present in the Saraca asoca apozem itself 
were active capping agents, which were important for the 
stabilization of ZnO NPs [38]. This has indicated that though 
Saraca asoca apozem worked for the zinc ions reduction, which 
helped in generating ZnO NPs, and it assisted in stabilization of 
these nanoparticle suspensions through the mechanism of 
preventing particle agglomeration [39]. 
 
Differential Scanning Calorimetry (DSC) Analysis 
DSC of Ash-ZnO NPs 
The DSC thermogram of Ash-ZnO NPs (Figure 11.1) displayed 
three distinct thermal transitions at 58.97°C, 78.11°C, 
and 329°C. The first two endothermic peaks in the lower 
temperature range correspond to the loss of physically adsorbed 
water molecules and the thermal degradation of residual organic 
phytochemicals originating from the Saraca asoca apozem used 
in the green synthesis. The high-temperature endothermic event 
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at 329°C represents a crystalline phase transition of ZnO, 
confirming its well-ordered lattice structure and excellent 
thermal stability. The presence of a sharp, well-defined high-
temperature peak is indicative of the crystalline integrity and 
robustness of the synthesized nanoparticles, suggesting they can 
withstand processing and application-related thermal stress [40]. 
 
DSC of Ash-ZnO NPs Cs Gel 
The DSC thermogram of the Ash-ZnO NPs Cs gel (Figure 11.2) 
exhibited a single broad endothermic peak at 
approximately 105°C, which is consistent with the known 
thermal behavior of chitosan. This transition is attributed to the 
evaporation of water molecules bound to the hydrophilic 
hydroxyl and amino groups of chitosan. The absence of the 
multiple decomposition peaks observed in the Ash-ZnO NPs 
alone suggests that the nanoparticles are no longer in their free 

form but are uniformly dispersed and embedded within the 
chitosan polymeric network [41]. The shift from distinct ZnO-
related crystalline transitions to a single broad chitosan-
associated peak is strong evidence of physical interaction and 
encapsulation of the nanoparticles within the polymer matrix. 
This interaction is likely driven by electrostatic attraction 
between the positively charged amino groups of chitosan and the 
negatively charged surface oxygen atoms of ZnO, along with 
possible hydrogen bonding between chitosan’s functional 
groups and surface hydroxyl groups of ZnO. Such interactions 
lead to improved nanoparticle stability, reduced surface mobility 
& enhanced structural integration within the gel matrix. 
Consequently, the formulation benefits from improved 
homogeneity, increased resistance to aggregation & superior 
suitability for sustained topical delivery [42].

 

 

Figure 8: FTIR  analysis of Chitosan, Ash-ZnO 
NPs, Ash-ZnO NPs Cs gel and Saraca asoca 

Figure 9.1: PXRD analysis of Ash-ZnO NPs 
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Figure 10: SEM image of Ash-ZnO NPs and Ash-ZnO NPs Cs gel 

Figure 11.1: DSC thermogram of Ash-ZnO NPs 

Figure 9.2: PXRD analysis of Ash-
ZnO NPs Cs gel 
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Figure 11.2: DSC thermogram of Ash-ZnO NPs Cs gel. 

In Vitro Drug Release Study 
The in vitro drug release characteristics of silver nitrate gel, Ash-
ZnO NPs, and Ash-ZnO NPs Cs gel were investigated over 48 
hours (Figure 12). The silver nitrate gel exhibited a typical burst 
release pattern, with rapid drug liberation reaching 100% within 
the first 12 hours. While this ensures immediate drug 
availability, such a release profile lacks prolonged retention, 
potentially requiring frequent reapplication to maintain 
therapeutic levels [43]. In contrast, Ash-ZnO NPs demonstrated 

a slower and more sustained release, attaining 95% at 24 hr and 
complete release at 48 hours. This extended release phase 
represents nearly a two-fold increase in drug release duration 
compared with the silver nitrate gel.  
 
The Ash-ZnO NPs Cs gel formulation displayed the most 
controlled and prolonged release, with 83% release at 24 hours 
and 96% at 48 hours, corresponding to an almost four-fold delay 
in drug release compared to the silver nitrate gel.  

 
Figure 12: Cumulative in vitro drug release profile of Silver Nitrate gel, Ash-ZnO NPs, and Ash-ZnO NPs Cs gel. 
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Kinetic analysis revealed that both Ash-ZnO NPs and Ash-ZnO 
NPs Cs gel adhered to the Higuchi release model, indicating a 
diffusion-controlled mechanism of drug liberation. The 
significantly prolonged release observed in the Cs gel is likely 
due to the presence of chitosan, which forms a dense polymeric 
matrix capable of restricting drug diffusion. This matrix not only 
prolongs the release rate but also enhances the residence time of 
the formulation at the application site through its mucoadhesive 
and film-forming properties. From a therapeutic standpoint, such 
a controlled and extended release is advantageous in topical 
wound healing applications, as it maintains a consistent drug 
concemtration at the wound bed, reduces the frequency of 
application, and ensures continuous antimicrobial & anti-
inflammatory effects. This stands in contrast to the silver nitrate 
gel, where the rapid burst release may lead to fluctuating drug 
levels & shorter duration of therapeutic action. The sustained 
release profiles of Ash-ZnO NPs & particularly of Ash-ZnO NPs 
Cs gel highlight their potential as more effective, patient-
friendly alternatives for prolonged wound management [44]. 
 
BRINE SHRIMP LETHALITY ASSAY (BSLA) 
The brine shrimp lethality assay (BSLA) provided a quantitative 
comparison of cytotoxicity across the tested formulations 
through dose–response curve modeling (Figure 11). Survival 
rates of Artemia nauplii decreased with increasing nanoparticle 
concentration for the relatively more cytotoxic formulations, 

whereas non-toxic formulations maintained consistently high 
survival across all tested doses [45]. The green-synthesized 
Ash–ZnO NPs (Batches 1–7) and the Ash–ZnO NPs Cs gel 
exhibited minimal variation in survival percentage, yielding 
LC₅₀ values greater than 87,800 µg/mL, confirming their 
negligible acute toxicity. The sustained 100% survival rate 
suggests that the optimized particle size (~70 nm), high zeta 
potential, and phytochemical capping effectively limited ionic 
release and prevented harmful aggregation in the aquatic 
environment. Conversely, Batch 8 (LC₅₀ = 255.0 µg/mL) and 
Batch 9 (LC₅₀ = 293.2 µg/mL) displayed moderate cytotoxicity, 
as reflected by their downward-sloping curves at higher 
concentrations. This effect can be attributed to larger particle 
sizes (up to 140 nm), increased zinc ion release, and reduced 
colloidal stability, which may collectively enhance membrane 
interaction and reactive oxygen species (ROS) generation. The 
marketed silver nitrate gel showed an LC₅₀ of 262.3 µg/mL, 
positioning it in a similar toxicity range to Batches 8 and 9. Its 
greater oxidative potential and non-selective interaction with 
cellular membranes likely underlie this effect. Overall, the 
regression-derived LC₅₀ values and the clear separation of curves 
in Figure 13 highlight the superior safety margin of the green-
synthesized Ash–ZnO NPs Cs gel compared to conventional 
silver-based formulations, reinforcing its suitability for 
biocompatible topical applications [46]. 

 
Figure 13: Bar Graph illustrating the cytotoxic effect of Ash-ZnO NPs, Ash-ZnO NPs Cs gel, and Silver nitrate gel. 

Hemolytic Assay 
The hemolytic potential of the test formulations was evaluated 
per ASTM F756-17 guidelines, which classify materials as non-
hemolytic (<2% hemolysis), slightly hemolytic (2–5% 

hemolysis), and hemolytic (>5% hemolysis). A 0.1% Triton X-
100 solution was used as the positive control (100% hemolysis), 
and phosphate-buffered saline (PBS) served as the negative 
control (0% hemolysis). Results indicated that Ash-ZnO NPs Cs 
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gel (0.5%) and Batch 5 (0.9%) exhibited hemolysis values well 
within the non-hemolytic range, suggesting excellent blood 
compatibility. Batches 3, 6, 8, and 9 demonstrated hemolysis 
between 2–5%, classifying them as slightly hemolytic, which 
may be attributed to particle size variations or partial 
aggregation. The marketed silver nitrate gel exhibited a 

hemolysis value of 5.2%, placing it marginally above the ASTM 
hemolytic threshold [47]. These findings underscore the superior 
hemocompatibility of the optimized Ash-ZnO NPs Cs gel 
compared to a conventional topical antimicrobial, as illustrated 
in Figure 14.

 
Figure 14: The bar graph illustrating the percent hemolysis of all Ash-ZnO NPs batches (1–9), Ash-ZnO NPs Cs gel, and 

silver nitrate gel. 

 
Figure 15: Graph of IC₅₀ Values (µg/mL) in DPPH Assay 

Table 3: IC₅₀ values and regression reliability (R²) for antioxidant activity by DPPH assay. 
Sample IC₅₀ (µg/mL) ± SD R² 

Ascorbic acid (standard) 12.6 ± 0.3 0.991 
Ash-ZnO NPs Cs gel 15.2 ± 0.4 0.987 

Batch 5 (Ash-ZnO NPs) 19.8 ± 0.5 0.982 
Silver nitrate gel (marketed) 34.2 ± 0.5 0.976 

Antioxidant Activity 
The antioxidant potential of Ash-ZnO NPs (Batches 1–9), Ash-
ZnO NPs Cs gel, and a marketed silver nitrate gel was evaluated 

using the DPPH free radical scavenging assay, with ascorbic 
acid serving as the standard. Samples at varying concentrations 
(5–50 µg/mL) were incubated with 0.1 mM DPPH solution, and 
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absorbance was measured at 517 nm after 30 min in the dark 
[48]. The percentage inhibition was calculated, and IC₅₀ values 
were determined from concentration–response curves generated 
by linear regression. Regression lines were plotted for each 
sample, and R² values (>0.95) confirmed a strong fit between 
experimental data and predicted inhibition patterns. To ensure 
robustness, all assays were conducted in triplicate, and the data 
were presented as mean ± SD, with error bars included in Figure 
15 to represent standard deviation across replicates, thereby 
addressing variability and reproducibility. The Ash-ZnO NPs Cs 
gel demonstrated the strongest scavenging activity (IC₅₀ = 15.2 
± 0.4 µg/mL), which closely approximated the standard ascorbic 
acid (12.6 ± 0.3 µg/mL). This enhanced performance is likely 
due to the synergistic antioxidant effects of ZnO NPs and 
chitosan, which improve nanoparticle dispersion and stability. 
Ash-ZnO NPs formulations, Batch 5 showed the highest 
antioxidant capacity (IC₅₀ = 19.8 ± 0.5 µg/mL), correlating with 
its optimized synthesis parameters. In contrast, Batches 8 & 9 
exhibited comparatively weaker activity. (IC₅₀ = 32.4 ± 0.6 
µg/mL and 37.0 ± 0.7 µg/mL, respectively), possibly due to 
increased particle size and higher zinc precursor levels, which 
can reduce surface reactivity [49]. The marketed silver nitrate 
gel displayed the lowest activity (IC₅₀=34.2± 0.5µg /mL), 
underscoring the superior antioxidant potential of the Ash-ZnO 
NPs formulations as depicted in Figure 15 & Table 3. 
 
Antimicrobial activity 
The antimicrobial activity of Ash-ZnO NPs, Ash-ZnO NPs Cs 
gel, and reference drugs was determined using the microtiter 
broth dilution method with resazurin dye as an indicator of 
microbial growth. The minimum inhibitory concentration (MIC) 
values were expressed in µg/mL [50]. For Staphylococcus 
aureus, MIC values were 6.25 µg/mL for Amoxiclav, 312.5 
µg/mL for Ash-ZnO NPs, and 156.25 µg/mL for the Cs gel 
(Table 4A). The lower MIC of the Cs gel compared to the 
nanoparticle suspension suggests that the chitosan matrix 
enhanced antibacterial performance, potentially by promoting 
membrane disruption [41], improving nanoparticle dispersion, 
and enabling sustained release.  
 
Against Candida albicans, the MIC was 3.13 µg/mL for 
Amphotericin B and 156.25 µg/mL for both Ash-ZnO NPs and 
the Cs gel (Table 4B), indicating moderate antifungal activity. 
Color change in the resazurin assay confirmed microbial 
inhibition. While the formulations were less potent than standard 

drugs, the Cs gel demonstrated comparatively better 
antibacterial activity than nanoparticles alone, supporting its 
potential for topical antimicrobial applications [51]. 
Table 4 (A): MIC values of Test Samples for Staphylococcus aureus 

S. N. Test Item MIC Well No. MIC Value 
1 Amoxiclav 8 6.25 µg/ml 
2 Ash-ZnO NPs 8 312.5 µg/ml 
3 Ash-ZnO NPs Cs gel 7 156.25 µg/ml 

 
Table 4 (B): MIC values of Test Samples for Candida albicans 

S. N. Test Item MIC Well No. MIC Value 
1 Amphotericin B 7 3.13 µg/ml 
2 Ash-ZnO NPs 7 156.25 µg/ml 
3 Ash-ZnO NPs Cs gel 7 156.25 µg/ml 

 
CONCLUSION  
The present study successfully demonstrates the green synthesis 
of zinc oxide nanoparticles (ZnO NPs) using Saraca asoca bark 
apozem, offering a sustainable, safe, and efficient alternative to 
conventional synthesis methods. By employing eco-friendly 
techniques, this approach not only reduces the use of hazardous 
chemicals but also preserves the bioactivity of plant-derived 
phytochemicals, enhancing the nanoparticles’ therapeutic 
potential. The formulated ZnO NPs, when embedded in chitosan 
gel, displayed promising antimicrobial, antioxidant, and wound-
healing properties, highlighting their capacity to address 
pressing global health issues such as antimicrobial resistance 
(AMR). In this context, the formulation can be envisioned as 
a next-generation therapeutic system capable of delivering 
potent antimicrobial action while minimizing the environmental 
impact of drug development.  
 
It is a long-held belief that medicine is truly valuable only when 
it benefits the patient; however, in the current era, it is equally 
essential that it is safe and effective for the environment. This 
dual responsibility towards human health and planetary well-
being calls for innovative approaches that harmonize healthcare 
advancement with ecological preservation. Green synthesis 
methodologies embody this vision, turning each conscious 
research choice into a step toward healing both humanity and the 
Earth. By embracing such sustainable practices, we pave the way 
for a new world formulation that responsibly combats infectious 
diseases, safeguards future generations, and ensures that the cure 
never comes at the expense of the planet. 
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