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Article Information  ABSTRACT 
Received: 25th May 2025  Background: Phytosomes are nanovesicular systems that integrate plant extracts with phospholipids to 

improve the solubility, stability, and bioavailability of phytoconstituents. Green tea (Camellia sinensis) 

is rich in polyphenols such as epigallocatechin gallate (EGCG) and epigallocatechin (EGC), which 

possess significant therapeutic potential but are limited by poor absorption and stability. The present 

study aimed to formulate and evaluate green tea extract–loaded phytosome-incorporated microspheres 

with desirable physicochemical characteristics for sustained delivery. Methodology: Phytosomes were 

prepared using the thin-layer hydration method with varying molar ratios (0.5–1.0) of phospholipids to 

standardized green tea extract (sample 1 and sample 2). The optimized phytosomes were further 

encapsulated into microspheres via emulsion cross-linking, employing different concentrations of 

glutaraldehyde and polymer to obtain nine formulations. Design Expert software was applied for 

optimization, and the microspheres were evaluated for micrometric properties, entrapment efficiency, 

drug loading, drug release, swelling behaviour, mucoadhesion, stability, and surface morphology. 

Results and Discussion: The prepared microspheres exhibited a spherical morphology with satisfactory 

physicochemical properties. Among the formulations, batch F3 of sample 1 demonstrated the most 

promising results, achieving 87% yield, 77% drug entrapment efficiency, 30% drug loading, and 91.87% 

cumulative drug release up to 9 hours, along with favorable swelling and mucoadhesion properties. 

Stability studies further confirmed the reliability of the formulation. Conclusion: Overall, the developed 

phytosome-loaded microspheres of green tea extract exhibited an improved release profile, stability, and 

potential fwr sustained drug delivery, suggesting their applicability in enhancing the therapeutic efficacy 

of green tea polyphenols. 
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INTRODUCTION 
The development of novel drug delivery systems has garnered 
significant attention in recent years, aiming to enhance the 
therapeutic efficacy and bioavailability of poorly soluble 
phytoconstituents [1,2]. Among these, microspheres containing 
phytosomes represent a promising approach for improving the 
stability, absorption, permeation, and controlled release of 
bioactive plant-derived compounds [3, 4]. Phytosomes are 
phospholipid-based complexes that enhance the solubility and 
permeability of phytochemicals, thereby overcoming the 
limitations associated with conventional herbal formulations.  
 
However, despite their advantages, phytosomes often suffer 
from stability issues and rapid elimination, which can reduce 
their therapeutic potential [5–7]. To address these challenges, 
encapsulation of phytosomes in microspheres has been explored 
as an advanced strategy to prolong drug retention, protect 
bioactive compounds from degradation, and provide sustained 
release properties [8, 9]. Microspheres are spherical, 
biodegradable carriers with sizes ranging from 1 to 1000 µm, 
composed of polymers such as chitosan, alginate, and 
poly(lactic-co-glycolic acid) (PLGA) [10,11].  
 
These carriers effectively encapsulate phytosome complexes, 
offering multiple advantages, including improved 
bioavailability, site-specific drug delivery, and reduced toxicity 
[12, 13]. The combination of phytosomes with microspheres 
provides a dual enhancement system, where phytosomes 
improve solubility, and microspheres ensure controlled and 
targeted release [14, 15]. The integration of phytosomes into 
microspheres has shown promising applications in the treatment 
of chronic diseases, including cancer, neurodegenerative 
disease, and inflammatory conditions [16].  
 
Several studies have demonstrated that phytosomal 
microspheres significantly enhance the pharmacokinetics and 
pharmacodynamics of herbal bioactives, making them a viable 
platform for future therapeutic applications [16–19]. 
 
MATERIALS AND METHODS 
Materials 
Chitosan, glacial acetic acid, ethanol, span 80, liquid paraffin, 
glutaraldehyde, petroleum ether, acetone (ADVENT CHENBIO 
PVT. LTD.), prepared phytosomes containing green tea extracts. 
All chemicals used for this research work were analytical grade. 

Methods 
Preparation of Microspheres 
Microspheres were prepared by the emulsion cross-linking 
method. A 2% (w/v) chitosan solution was prepared in 4% 
aqueous glacial acetic acid by overnight stirring in a magnetic 
stirrer. The required (equivalent) quantities of prepared 
phytosomes were dissolved in ethanol and thoroughly mixed 
with the polymer solution. A volume of 6 mL of the above 
resultant mixture was then injected through a syringe into 40 mL 
of the oil phase containing Span 80 (7% v/v). Stirring was 
performed using a mechanical stirrer at 900 rpm to form a water-
in-oil emulsion. The oil phase was light-liquid paraffin. After a 
30-minute homogenization period, the required volume of 25% 
glutaraldehyde (v/v) was added slowly. It was then left to 
stabilize and cross-link. The microspheres obtained were 
centrifuged, and the sediment was then washed three times with 
petroleum ether and acetone, followed by drying in a hot air oven 
at approximately 50°C [20–22]. The composition for the 
formulation is given in Table 1 below. 
Table 1: Formulation of microsphere 

Batch Drug (mg) Polymer(mg) Glutaraldehyde(mg) 
F1 100 150 0.79 
F2 100 100 2 
F3 100 200 2 
F4 100 150 1.5 
F5 100 100 1 
F6 100 200 1 
F7 100 220.71 1.5 
F8 100 150 2.21 
F9 100 79.29 1.5 

 
Experimental Design For Optimization 
A 2-factor, 3-level factorial design was employed for the 
formulation of microspheres using Design Expert® software 
(Version 9, Stat-Ease Inc.). Based on this experimental design, a 
total of nine runs were executed in a completely randomized 
sequence. The concentrations of the polymer (X₁) and 
glutaraldehyde (X₂) served as independent variables, while the 
percentage of drug release (%DR) and particle size were 
considered dependent response variables. A p-value of less than 
0.05 was regarded as statistically significant. By holding other 
formulation parameters constant, the selected independent 
variables (A and B) were studied at three different levels: low (-
1), medium (0), and high (+1). Response surface methodology 
was applied to generate predictive models and response surface 
plots, which were then utilized to analyse the experimental 
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outcomes [23–25]. The details of the build information and 
variables are shown in Tables 2 and 3. 
Table 2: Build information 

File Version 13.0.5.0 
  

Study Type Response 
Surface 

Subtype Randomized 

Design Type Central 
Composite 

Runs 9.00 

Design Model Quadratic Blocks No Blocks 
Build Time (ms) 13.00 

  

 

Table 3: List of dependent and independent variables 
(Optimisation Levels)  

Independent variable 
Variable level 

Low (-1) High (+1) 
Amount of polymer (X1) 100 200 

Amount of Glutaraldehyde (X2) 1 2 
Dependent variables 
Y1 = Particle Size 

Y2 = % Drug release 
 

Table 4: Experimental Design Runs (for Samples 1 and 2) 

Formulation Run Factor 1 
Polymer (mg) 

Factor 2 
Glutaraldehyde (mg) 

Response 1 %DR Response 2 Particle size (µm) 
Sample1 Sample2 Sample1 Sample2 

F1 1 150 0.79 91.87 91.37 19.29 18.79 
F2 2 100 2 89.32 88.82 23.38 22.88 
F3 3 200 2 90.32 89.83 27.11 29.61 
F4 4 150 1.5 91.45 90.35 28.99 23.49 
F5 5 100 1 93.21 92.71 33.47 32.97 
F6 6 200 1 91.25 90.75 13.09 12.59 
F7 7 220.71 1.5 89.36 88.86 21.36 20.86 
F8 8 150 2.21 89.21 88.71 32.97 32.47 
F9 9 79.28 1.5 91.25 90.75 32.65 32.15 

*Sample 1 – microspheres containing optimised phytosomes of green tea polyphenols (80% EGCG), *Sample 2 – microspheres 
containing optimised phytosomes of green tea polyphenols (50% EGC) 
Formulation Optimization: ANOVA was employed to 
develop an optimized formulation, comparing predicted and 
actual values of responses for particle size & % drug release. 
 
FTIR: The Fourier transform infrared spectrophotometer was 
used for FTIR spectroscopy, and the spectra were scanned within 
the 4000-400 cm-1 wave number range. FTIR study was carried 
out on drugs enclosed in phytosomes, a physical mixture of 
phytosome and polymer, Phytosome microspheres. 
 
Micromeritic Properties of Microspheres: For the prepared 
microspheres, several metrics were assessed, including 
Hausner's ratio, compressibility index, bulk density, tapped 
density, and angle of repose. 
 
Determination of Percentage Yield, Drug Loading, and 
Entrapment Efficiency: A glass mortar and pestle were used to 
grind a weighed quantity of microspheres equivalent to 10mg of 
standardized green tea extract. The microspheres were then 
dispersed in 100 mL of phosphate buffer (pH 6.4) and left 
overnight to extract the medication. Following centrifugation at 
2500 rpm for 10 minutes, the resulting supernatant was diluted 
with methanol. The absorbance of the solution was subsequently 

measured at 277 nm—the maximum wavelength (λmax) for 
polyphenols—using a UV-visible spectrophotometer (Shimadzu 
UV-1700). The concentration of green tea extract encapsulated 
within the microspheres was then determined through reference 
to a previously established standard graph. The percentage 
entrapment efficiency was measured 3 times for each batch [26, 
27]. By using the given equation, the % yield, drug loading, and 
entrapment efficiency were calculated.  

% 𝒚𝒚𝒚𝒚𝒚𝒚𝒚𝒚𝒚𝒚 = �
𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘 𝒐𝒐𝒐𝒐 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 

𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘 𝒐𝒐𝒐𝒐 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅

+ 𝒘𝒘𝒆𝒆𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊 𝒐𝒐𝒐𝒐 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖� × 𝟏𝟏𝟏𝟏𝟏𝟏 

𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 =

𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘 𝒐𝒐𝒐𝒐 𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 𝒕𝒕𝒕𝒕𝒕𝒕 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 
𝒊𝒊𝒊𝒊 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎
𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘 𝒐𝒐𝒐𝒐 𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 

× 100 

𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬 𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬

=
𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 𝒐𝒐𝒐𝒐 𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 𝒕𝒕𝒕𝒕𝒕𝒕 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 𝒊𝒊𝒊𝒊 𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎

 𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰 𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 𝒐𝒐𝒐𝒐 𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫
× 100 

 
In vitro drug release 
Drug release evaluation was performed using a Franz diffusion 
cell apparatus (Logan Instruments, New Jersey, India), as this 
apparatus imitates the nasal cavity and consists of a donor and 
receptor compartment. A dialysis membrane (cut-off MW 1200) 
was used, onto which the drug-loaded microspheres were placed. 
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A microsphere equivalent to 10 mg of the drug was placed on 
the donor side by dispersing it in simulated nasal fluid. On the 
other side, the receptor side chamber contained phosphate buffer 
(pH 7.4), ethanol (1:1) as the release medium. The temperature 
of the medium was maintained at 37 ± 0.5 °C and continuously 
stirred with a magnetic bead at 100 rpm. Samples (0.5 mL) were 
periodically withdrawn and replaced with fresh medium.  
 
The samples were suitably diluted and analyzed using the UV-
Vis spectrophotometric method to determine the percentage 
drug release at various time points. The release kinetic model of 
the obtained data was performed using zero-order, first-order, 
Higuchi, and Korsmeyer-Peppas models to calculate the release 
constant (k) and diffusional release exponent (n) [27,28] 
 
Degree of swelling of microspheres 
A pre-weighed quantity of microspheres (100 mg) was 
introduced into a centrifuge tube containing 10 mL of phosphate 
buffer solution at pH 6.4. The samples were allowed to hydrate 
and swell for over 120 minutes. At designated intervals, 60 and 
120 minutes, aliquots were subjected to centrifugation at 2000 
rpm for 10 minutes. Following centrifugation, the supernatant 
was carefully removed, and the swollen microspheres were 
subsequently weighed to evaluate the extent of swelling [26, 27].  
The percentage degree of swelling of the microspheres was 
determined using the equation below: 

𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 (%) 𝒐𝒐𝒐𝒐 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 =
𝑾𝑾𝑾𝑾 −  𝑾𝑾𝟎𝟎

𝑾𝑾𝟎𝟎 × 𝟏𝟏𝟏𝟏𝟏𝟏 

Where Wt represents the weight of the swollen sample at the 
stipulated time in the simulated fluid, and the initial weight of 
microparticles before swelling is WO. 
 
In-Vitro Washes Off Test 
The wash-off method, an in vitro adhesion testing technique, 
was employed to evaluate the mucoadhesive properties of the 
microspheres. A 1x1 cm piece of pig nasal mucosa was secured 
with thread onto a glass slide. As the nasal route is the most 
promising and trending route nowadays, due to its numerous 
advantages over other routes, and since this research targets 
mucoadhesive microspheres, the mucin layers of the nasal cavity 
make mucoadhesive microspheres a preferred formulation for 
the nasal cavity over other formulations.  
 
The prepared slide was attached to one of the grooves of a USP 
pill disintegration test device after a weighed quantity of 

microspheres had been applied to the wet, washed tissue 
specimen. The disintegrating test apparatus was used, and the 
tissue sample was periodically moved up and down in the beaker 
of the disintegrating apparatus, which contained pH 6.4 
phosphate buffer.  
 
The drug content of the perfusate was examined after an hour. 
The difference between the amount of applied and flowing 
microspheres was used to estimate the number of adhered 
microspheres [28, 29]. 
% 𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 

=
𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 𝒐𝒐𝒐𝒐 𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 −  𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 𝒐𝒐𝒐𝒐 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾 𝒐𝒐𝒐𝒐 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 × 100 

 
Surface Morphology  
The microspheres were morphologically characterized using 
scanning SEM at both greater and lower resolution. Particle size, 
surface morphology, and texture have all been determined using 
scanning electron microscopy. Scanning microscopes were used 
to conduct SEM investigations. 
 
Accelerated Stability Studies 
The microspheres' accelerated stability evaluation was 
performed at 8˚C ± 2.8˚C, 25˚C ± 2˚C/60 % ± 5% RH, and 40˚C 
± 2˚C/75 % ± 5% RH. The samples were packaged in 
polyethylene bottles with child-resistant closures and stored in a 
stability chamber. The samples were withdrawn at 
predetermined intervals (0, 1, 2, 3, and 6 months) and evaluated 
for different parameters [30]. 
 
RESULTS AND DISCUSSION 
Preparation Of Microspheres 
The nine runs from the design expert program were used to 
create the microspheres utilizing the emulsion cross-linking 
procedure.  A total of 18 runs were obtained for both samples. 
Various process & formulation-related variables were used 
during the study, including the concentration of polymer and the 
amount of glutaraldehyde, and were evaluated for optimization.  
 
Based on the results of particle size and percentage drug release 
(Table 4) and their statistical analysis, batches F3 and F4 for 
samples 1 and 2, respectively, are selected as the best 
formulations. According to the statistical data, the predicted 
values and actual values are approximately the same for particle 
size and percentage drug release in formulations F3 and F4, 
respectively, and can be used for further research [31, 32]. 
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Formulation Optimisation 
ANOVA was employed to develop an optimized formulation 
comparing predicted and actual values of responses for particle 
size and percentage drug release. In optimization, the F3 and F4 
formulations for sample 1 and sample 2, respectively, yield 
nearly identical values to the predicted values, confirming that 
these two batches are the optimal formulations for further 
research. In this study, comparative results such as percentage 
drug release and swelling index were primarily reported in terms 
of mean values without detailed statistical interpretation (e.g., p-
values) between batches. While this descriptive approach 
provides an overview of the formulation performance, it limits 
the strength of conclusions that can be drawn regarding the 
significance of differences across batches.  
 
The absence of rigorous statistical comparison, such as 
hypothesis testing, may reduce the ability to differentiate 
whether observed variations are due to actual formulation effects 
or experimental variability. Future studies should incorporate 
appropriate statistical analyses, such as ANOVA or t-tests with 
p-values, to substantiate the reliability of inter-batch differences 
and enhance the robustness and scientific validity of the findings 
(this is a limitation of this work; further study is needed). 
 
In this study design, two levers of polymers are present: the 
polymer level (chitosan), X₁, and the glutaraldehyde level, X₂. 
Both influence droplet viscosity, crosslink density, particle 
surface smoothness, and packing. The F3/F4 settings produced 
microspheres with lower inter-particle cohesion and tighter 
packing, reflected by lower Carr’s index and Hausner’s ratio 
(e.g., F3: CI ≈ 13.7%, HR ≈ 1.15; F4: CI ≈ 15.5%, HR ≈ 1.18; 
angles of repose < 35°), hence better flow and compressibility 
than several other batches. The moderate–to–high chitosan level 
stabilizes droplets during emulsification (900 rpm, Span-80 7% 
v/v, 6 mL aqueous phase into 40 mL oil), yielding more 
spherical and less porous particles.  
 
In contrast, an intermediate crosslinker level (added after 30 
min) prevents stickiness without over-hardening, reducing 
agglomeration and improving bulk/tapped densities. Too little 
polymer/crosslinker gives fragile/adhesive particles (poor 
packing), whereas too much can increase brittleness and 
interlocking (higher CI/HR). ANOVA result also showed X₁–X₂ 
significantly affect particle size and % release, consistent with 
the micromeritic improvements seen in F3/F4. One-way 

ANOVA indicated significant differences among formulations 
for entrapment efficiency (F8 = 38.51, p < 0.0001). Tukey’s post 
hoc analysis revealed that batch F6 had significantly higher 
entrapment efficiency compared to F1, F2, F3, F5, F8, and F9 (p 
< 0.05), while differences with F4 and F7 were not statistically 
significant. These findings confirm that the optimized polymer-
to-crosslinker ratio in F6 provided the most efficient matrix for 
drug entrapment.  
 
The statistical evaluation reinforced the formulation-dependent 
differences observed in microsphere performance. ANOVA of 
entrapment efficiency confirmed highly significant variation 
among batches (p < 0.0001), with Tukey’s post hoc test 
identifying F6 as superior to most other formulations, indicating 
that its optimized polymer-to-crosslinker ratio provided the most 
efficient drug entrapment. Similarly, swelling indices at 120 min 
differed significantly between batches (p < 0.0001), with F6 
again showing the highest water uptake and expansion, 
consistent with its structural capacity for controlled release.  
 
In contrast, ANOVA of cumulative drug release values did not 
reveal significant differences across batches (p > 0.05), 
suggesting that while entrapment and swelling properties varied 
markedly, the overall release pattern remained comparable, 
dominated by a diffusion–swelling–controlled zero-order 
mechanism. Taken together, the results highlight that F6 
combined statistically superior entrapment and swelling with a 
robust, sustained release profile, supporting its designation as the 
optimized formulation. 
 
FTIR Study 
The interaction between the drug and polymer was studied using 
FTIR spectroscopy. As no such interaction is observed between 
the drug and the polymer, as shown in Figure 1. 
 
Micromeritic Properties Of Microspheres 
The microspheres' excellent flow characteristics demonstrate 
that they are not clumped together. The tables displayed the 
values of various parameters for various batches (Tables 5 & 6). 
The micromeritic properties of the prepared microspheres 
revealed favorable flowability and packing behavior, which are 
essential for ensuring uniform dosing and reproducibility during 
formulation. Bulk and tapped density values suggested uniform 
particle packing, while Carr’s index (13–18%) and Hausner’s 
ratio (1.15–1.22) indicated fair to good flow characteristics.  
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The angle of repose values (<35°) further confirmed acceptable 
flowability with minimal inter-particulate friction. These 
properties are significant for nasal delivery, as smooth flow 
ensures accurate dosing and facilitates even distribution of 
microspheres in the nasal cavity. Good flowability also 
minimizes agglomeration, thereby improving surface contact 
with the nasal mucosa and enhancing mucoadhesion. Moreover, 

the micromeritic results support the SEM findings of spherical 
morphology with smooth surfaces, which are advantageous for 
deposition, retention in the nasal mucosa & subsequent sustained 
drug release. Collectively, these parameters confirm that the 
developed microspheres exhibit suitable micromeritic 
characteristics for drug delivery applications, especially for 
nasal delivery. 

 

 
Figure 1: IR spectra of a) phytosomes, b) glutaraldehyde, c) polymers, d) physical mixture of phytosome and polymer 

 
Table 5: Micromeritic Properties of Microspheres (Sample 1) 

Batches 
Bulk density* Tapped density* 

Carr’s index* Hausner’s ratio* 
Angle of Repose* 

(g/cm3) (g/cm3) (θ) 
F1 0.253±0.0144 0.301±0.0274 15.94±0.37 1.18±0.027 33.59±0.18 
F2 0.382±0.0120 0.455±0.0165 16.04±0.23 1.19±0.013 32.61±0.24 
F3 0.416±0.0251 0.482±0.0143 13.69±0.28 1.15±0.038 30.78±0.26 
F4 0.316±0.0190 0.374±0.0138 15.5±0.19 1.18±0.029 32.63±0.25 
F5 0.376±0.029 0.452±0.0235 16.81±0.41 1.20±0.031 27.78±0.14 
F6 0.241±0.0131 0.296±0.0179 18.58±0.14 1.22±0.020 30.12±0.28 
F7 0.387±0.045 0.442±0.0186 14.5±0.23 1.16±0.039 31.56±0.27 
F8 0.395±0.028 0.450±0.0234 17.5±0.12 1.21±0.027 30.59±0.28 
F9 0.387±0.026 0.410±0.0224 16.64±0.24 1.16±0.23 30.45±0.21 
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Table 6: Micromeritics Properties of Microspheres (Sample 2) 
Batches Bulk density Tapped density Carr’s index Hausner’s ratio Angle of Repose 

(g/cm3) (g/cm3) (θ) 
F1 0.157±0.0124 0.201±0.0254 15.94±0.37 1.18±0.027 33.59±0.18 
F2 0.284±0.0210 0.355±0.0262 16.04±0.23 1.19±0.013 32.61±0.24 
F3 0.324±0.0251 0.382±0.0273 13.69±0.28 1.15±0.038 30.78±0.26 
F4 0.226±0.0170 0.284±0.0238 15.5±0.19 1.18±0.029 32.63±0.25 
F5 0.296±0.049 0.372±0.0145 16.81±0.41 1.20±0.031 27.78±0.14 
F6 0.246±0.0131 0.299±0.0279 18.58±0.14 1.22±0.020 30.12±0.28 
F7 0.277±0.035 0.341±0.0186 14.5±0.23 1.16±0.039 31.56±0.27 
F8 0.285±0.038 0.320±0.0134 17.5±0.12 1.21±0.027 30.59±0.28 
F9 0.287±0.026 0.315±0.0157 18.6±0.32 1.23±0.038 31.64±0.17 

 
Figure 2: Micromeritics Properties of Microspheres 

Determination of % yield, drug loading, entrapment 
efficiency, and drug release 
For sample 1, the percentage yield of F1 to F9 ranged from 
83.27% to 87.54%, the percentage of drug entrapment efficiency 
ranged from 72.76% to 82.86%, and the percentage of drug 
loading ranged from 29.48% to 32.76%. For sample 2, the 
percentage yield, percentage drug entrapment efficiency, and 
percentage drug loading were 81.59% to 84.28%, 72.45% to 
79.67%, and 29.48% to 32.76%, respectively. Batch F6 
demonstrated the highest drug entrapment efficiency (82.86%), 
which can be attributed to the interplay between polymer 
concentration and cross-linker ratio. The high chitosan content 
(200 mg) increased the viscosity of the dispersed phase during 
emulsification, thereby reducing drug diffusion into the external 
oil phase and providing a denser matrix that can hold a larger 
proportion of the phytosome complex. At the same time, the 
relatively low glutaraldehyde concentration (1 mg) provided 
sufficient crosslinking to stabilize the microspheres without 
causing excessive surface shrinkage or drug expulsion, 
phenomena commonly associated with higher crosslinker levels. 

In contrast, batches with lower polymer amounts exhibited 
insufficient matrix volume to retain the drug. At the same time, 
those with higher crosslinker concentrations tended to form 
overly rigid shells, which forced drug leakage. Thus, the superior 
entrapment efficiency observed in F6 is attributable to the 
synergistic effect of elevated polymer loading and moderate 
crosslinking, which together create an optimal matrix 
architecture for maximum drug retention. 
 
All of the values are displayed in Table 7. The %drug release 
properties are shown in Figure 3 and indicate sustained release 
up to 540 minutes, with a range of 89 to 93%. The drug release 
kinetics are shown in Figures 3 and 4, and the data best fit zero-
order kinetics for both samples. The zero-order release profile 
observed for the optimized microspheres likely arises from a 
combination of matrix-controlled diffusion and controlled 
swelling/erosion dynamics that maintain an approximately 
constant drug-delivery surface over time. In these chitosan 
microspheres, the phytosome payload is homogeneously 
entrapped within a relatively dense, cross-linked polymeric 
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matrix (high entrapment efficiency and SEM showing smooth, 
non-porous surfaces). High polymer loading increases the 
dispersed-phase viscosity during formation, resulting in a 
thicker polymeric network surrounding the phytosomes.  
 
A moderate level of glutaraldehyde crosslinking stabilizes this 
network without producing brittle shells that cause rapid burst 
release. Upon exposure to aqueous medium, the matrix swells 
and forms a hydrated gel layer through which the drug diffuses. 
Because the swelling & modest surface erosion appear to 
proceed at rates that compensate for the decrease in 
concentration gradient, the effective diffusion path & exposed 
surface area remain relatively constant over the sampling period, 

which yields an approximation constant (zero-order) release 
rate.  
 
The Korsmeyer supports this mechanistic conclusion–Peppas 
exponent (n ≈0.56), which indicates anomalous (non-Fickian) 
transport where both polymer relaxation(swelling/erosion) & 
diffusion contribute to release. In short, the interplay of (1) 
uniform drug distribution, (2) dense but hydrated chitosan 
matrix from high polymer content, (3) moderated crosslink 
density that prevents rapid drug expulsion but allows controlled 
gel formation & (4) smooth, low-porosity particle surfaces that 
avoid burst pathways collectively produces a release regime 
approaching zero-order kinetics.

 
Table 7: Percent Yield, Entrapment Efficiency, Drug Loading (Sample 1 and Sample 2) 

Batches % yield % Drug entrapment efficiency % Drug Loading 

Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 

F1 84.52±0.66 82.41±0.33 78.28±0.05 78.28±0.05 29.48±0.05 29.48±0.05 

F2 83.79±0.36 81.59±0.25 75.27±0.04 75.27±0.04 30.54±0.01 30.54±0.01 

F3 87.54±0.49 84.22±0.63 77.79±0.08 77.79±0.08 30.28±0.04 30.28±0.04 

F4 85.32±0.63 84.08±0.64 79.59±0.04 79.59±0.04 31.49±0.03 31.49±0.03 

F5 83.27±0.45 82.21±0.24 75.98±0.02 75.98±0.02 29.66±0.07 29.66±0.07 

F6 86.08±0.62 83.62±0.32 82.86±0.08 82.86±0.08 32.76±0.03 32.76±0.03 

F7 84.72±0.45 82.27±0.25 79.67±0.09 79.67±0.09 30.36±0.02 30.36±0.02 

F8 86.97±0.32 84.28±0.32 74.87±0.08 74.87±0.08 31.49±0.03 31.49±0.03 

F9 87.23±0.30 82.35±0.33 72.76±0.02 72.45±0.04 31.56±0.02 31.27±0.02 

*Value expressed as Mean ± SD, n = 3. 

A B 
Figure 3: Drug release profile of formulations A. Sample 1, B. Sample 2 
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Figure 4: Drug release kinetics for Sample 1 

 

    

    
Figure 5: Drug release kinetics for Sample 2 
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ANOVA: Single Factor ( DRUG RELEASE)      
SUMMARY       

Groups Count Sum Average Variance   
78.28 8 616.76 77.095 9.7502   
77.26 8 615.43 76.92875 7.086641   

       
ANOVA       

Source of Variation SS df MS F P-value F crit 
Between Groups 0.11055625 1 0.110556 0.013133 0.910391 4.60011 
Within Groups 117.8578875 14 8.418421    

Total 117.9684438 15     
ANOVA: Single Factor (ENTRAPMENT EFFICIENCY)    

SUMMARY       
Groups Count Sum Average Variance   
91.87 8 725.37 90.67125 1.932213   
91.37 8 721.38 90.1725 1.931221   

       
ANOVA       

Source of Variation SS df MS F P-value F crit 
Between Groups 0.99500625 1 0.995006 0.515089 0.484748 4.60011 
Within Groups 27.0440375 14 1.931717    

Total 28.03904375 15     

Degree of swelling of microspheres 
The phosphate buffer, having a pH of 6.8, easily swelled the 
prepared microspheres, and all of the produced microspheres 
quickly expanded. The preparation's polymer composition, 
crosslinking agent, and crosslinking duration all largely 

influenced the microsphere's swelling capacity. The amount of 
polymer has a significant influence on the swelling of 
microspheres. It has been noted that the swelling property 
increases with the amount of polymer present [33]. All values 
are given in Table 8.

Table 8: Swelling index and % mucoadhesion of prepared microspheres 

Formulation 
For sample 1 For sample 2 

% drug swelling  at (min) % Mucoadhesion % drug swelling  at (min) % Mucoadhesion 60 120 60 120 
F1 50 90 76.23 45 80 70.47 
F2 80 110 86.32 68 97 80.74 
F3 60 105 70.47 50 90 69.47 
F4 90 140 89.45 73 102 85.43 
F5 100 160 84.42 85 110 76.23 
F6 140 185 92.65 94 160 88.76 
F7 70 150 77.23 65 108 73.21 
F8 110 170 90.46 92 140 86.43 
F9 85 130 70.67 70 120 68.92 

 *where, number of replicates n = 3 
 

ANOVA: Single Factor (SWELLING INDEX)    
SUMMARY       

Groups Count Sum Average Variance   
90 8 1150 143.75 791.0714   
80 8 927 115.875 551.5536   

       
ANOVA       

Source of Variation SS df MS F P-value F crit 
Between Groups 3108.063 1 3108.063 4.62983 0.04936 4.60011 
Within Groups 9398.375 14 671.3125    

Total 12506.44 15     
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Batch F6 exhibited the highest swelling index among the 
formulations, which can be attributed to its high polymer 
concentration (200 mg chitosan) combined with a relatively low 
cross-linker concentration (1 mg glutaraldehyde). The higher 
chitosan content enhanced the hydrophilic nature and water 
uptake capacity of the microspheres. At the same time, the lower 
crosslinking density created a less rigid network structure, 
allowing greater relaxation and expansion of the polymer chains 
upon hydration. This synergistic effect of increased polymer 
availability and reduced structural rigidity provided more free 
volume for water penetration, thereby accounting for the 
maximum swelling observed in F6. 
 
In-vitro wash-off test 
To ensure the formulation adhered to the mucosa at the 
absorption site for an extended period, a mucoadhesion study 
was conducted. According to the findings of the in-vitro 
mucoadhesion investigation, every batch of microspheres 
exhibited acceptable adhesion and mucoadhesive qualities on 
the nasal mucosa of sheep. The findings also showed that larger 
mucoadhesion percentages were attained with increasing 
polymer ratio and crosslinking speed. This could be attributed to 
the greater availability of polymer for interaction with mucus 
[34, 35]. All the values were shown in Table 8. 
 
Surface Morphology  
Morphological characterization of the microspheres was carried 
out by using scanning SEM under higher and lower resolutions. 
Scanning electron microscopy showed that the microsphere was 
spherical with a relatively smooth surface, as shown in Figure 6. 
The prepared microspheres had no holes or ruptures on the 
surface, which may result in slow clearance and a good 
deposition pattern in the route of administration, especially in 
the nasal cavity. The SEM analysis revealed a relatively high 
surface porosity (~67%) and moderate surface roughness (≈9.9 
AU) for the microspheres. The large proportion of porous 
regions facilitates rapid water penetration and polymer 
relaxation, while the moderate roughness increases the effective 
surface area for solvent interaction. Together, these features 
correlate with the enhanced swelling (highest in F6) and 
contribute to the sustained yet controlled release profile of the 
drug. Specifically, the porous structure allows gradual medium 
uptake and matrix hydration, whereas the absence of deep cracks 
or ruptures prevents an immediate burst release. So the structural 
and functional relationship explains the drug release from the 

microspheres, following a zero-order kinetic model, with 
consistent diffusion sustained over time. 

 
Figure 6: SEM image of microsphere 

 
Accelerated Stability Studies 
All stability-related parameters of the microsphere formulations 
remained within acceptable limits after a 6-month storage 
period, as presented in Table 9. Throughout the storage period 
under varying temperature and humidity conditions, no 
significant changes were observed in the physicochemical 
properties of the formulations, indicating their stability over 
time.  
 
STATISTICAL ANALYSIS 
Optimisation  
The optimization process was carried out by focusing on the 
percentage of drug release and the particle size of the prepared 
microspheres. The complete factorial design, including the 
coded levels of the independent variables along with the 
corresponding response values, is presented in Table 9. For both 
samples, the Y1 and Y2 ranges were 13 to 33 μm and 89 to 93% 
& 12 to 32 μm and 88 to 92%, respectively [36,37]. Design 
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Expert® (Version 9, Stat-Ease Inc.) was used to simultaneously 
fit all the answers obtained for the 18 formulations to a variety 
of models, including first-order, second-order, linear & 
quadratic models. The results indicate that the 2FI model was the 
best fit. Table 10 provides a comparison of R2, SD, and CV 
values. Figure 7 displays the two-dimensional contour plots that 

were created for each response, whereas Figure 8 displays the 
three-dimensional response surface plots. These plots are 
utilized to evaluate the reaction effects between factors on the 
measured responses. They are particularly effective in assessing 
the simultaneous influence of two variables on a single response 
outcome [38-40]. 

Table 9: stability study of microspheres 
Parameters Initial 1 month 2 months 3 months 6 months 

Refrigeration condition (8±2°) 
Appearance Round Round Round Round Round 

% Drug entrapment efficiency 74.79±0.042 74.66±0.035 74.47±0.022 74.70±0.041 73.42±0.021 
% Drug release 91.86 91.87 91.42 91.26 90.62 

Room temperature (25±2°/60±5% RH) 
Appearance Round Round Round Round Round 

% Drug entrapment efficiency 74.79±0.042 74.73±0.041 74.65±0.045 74.27±0.021 74.21±0.067 
% Drug release 91.86 91.72 91.27 91.47 90.74 

Accelerated condition (40±2°/75±5% RH) 
Appearance Round Round Round Round Round 

% Drug entrapment efficiency 74.79±0.042 74.79±0.053 74.78±0.022 74.70±0.041 74.22±0.043 
% Drug release 91.86 91.64 91.26 90.74 90.43 

 
Table 10: Statistical analysis 
For sample1: 

Response R2 Adj. R2 Pred. R2 Adeq.precision Std. dev. CV% Model 
F Value P value>F 

% Drug release  0.8813 0.8101 0.6166 9.5754 0.5928 0.6528 12.38 0.0095 
Particle Size 0.9164 0.8662 0.6665 11.9433 2.64 10.07 18.27 0.0040 

 
For sample2: 

Response R2 Adj. R2 Pred. R2 Adeq.precision Std.dev. CV% Model 
F Value P value>F 

% Drug release  0.8808 0.8093 0.6143 9.5544 0.5938 0.6575 12.32 0.0096 
Particle Size 0.9164 0.8662 0.6665 11.9433 2.64 10.26 18.27 0.0040 

(A)    (B)                                                                                 
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 (C)     (D)                                                                                                                            
Figure 7: Two-dimensional contour  plot for the effect of polymer and glutaraldehyde on % drug release (A), particle size 
(B) for sample 1, and  % drug release (C), particle size (D) for sample 2 

               (A)  (B) 
                                                                                                                                               

      (C) (D) 
                                                                                                                                                      
Figure 8: 3D contour plot for the effect of polymer and glutaraldehyde on %drug release (A), particle size (B) for sample 1, 
and particle size (C), %drug release (D) for sample 2  



Journal of Applied Pharmaceutical Research 13 (5); 2025: 74 – 90  Devi et al.  
 

 
 Journal of Applied Pharmaceutical Research (JOAPR)| September – October 2025 | Volume 13 Issue 5 | 87 

 
Figure 9: spider plot between F4 & F3 

The radar plot (Figure 9) provides a visual comparison of the 
performance of formulations F3 and F4 across entrapment 
efficiency, swelling index, and drug release. Both batches 
exhibited comparable drug release (\~90–91%), suggesting a 
similar release mechanism. However, F4 demonstrated a clear 
advantage in swelling index (140 vs 105), indicating higher 
water uptake and matrix expansion capacity. Entrapment 
efficiency was also slightly higher for F4 (79.9% vs 77.5%), 
suggesting improved drug retention during formulation. Overall, 
the spider chart highlights F4 as the better-performing 
formulation, with superior entrapment and swelling, while 
maintaining comparable drug release to F3. 
 
CONCLUSION 
In conclusion, it can be summarized that the two different 
batches of microspheres were prepared successfully with 
efficient results by enclosing the previously prepared 
phytosomes loaded with green tea polyphenols (sample 1 and 
sample 2), and statistically evaluated for various parameters, 
yielding satisfactory results. As phytosomes stabilise the green 
tea extract and improve the sustainability of phytosomes, a 
microsphere formulation was prepared by enclosing the 
prepared phytosomes.  Comparing both formulations, sample 1 
(phytosomes containing 80% EGCG), a microsphere 
formulation, shows better results in all aspects, especially in 
maintaining sustainability (% drug release) for approximately 
90% up to 540 minutes. As the prepared formulation provides a 
stable form of the herbal extract for a prolonged period, the 

outcome of the present study suggests the potential application 
of green tea phytosome-loaded microspheres and the scope for 
further research in the areas of targeted drug delivery and 
sustained or controlled drug delivery. The observed 
interrelationship between micromeritic properties, swelling 
behavior, and drug release highlights the fundamental role of 
formulation parameters in dictating the therapeutic performance 
of phytosome-loaded microspheres. The optimized batch (F3 of 
Sample 1) not only exhibited superior micromeritic 
characteristics but also demonstrated enhanced swelling and 
sustained drug release, underscoring the importance of fine-
tuning particle properties for predictable pharmacokinetic 
outcomes. 
 
These findings extend beyond the present formulation, 
suggesting that careful modulation of particle size, porosity, and 
polymeric composition can be strategically employed to design 
delivery systems with tailored release kinetics. For bioactive 
compounds like green tea polyphenols, which suffer from poor 
solubility and instability, this approach offers a practical means 
of enhancing bioavailability and therapeutic efficacy. Moreover, 
the demonstrated mucoadhesion and stability of the optimized 
microspheres position them as promising candidates for oral 
delivery systems aimed at managing chronic diseases, 
particularly where prolonged release and consistent plasma 
levels are desirable. The performance of the optimized 
microspheres in this study compares favorably with that of 
previously reported systems designed for the sustained delivery 
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of phytoconstituents. Earlier studies on green tea extract–loaded 
chitosan microspheres reported drug entrapment efficiencies in 
the range of 60–75% and cumulative drug release profiles often 
characterized by an initial burst followed by a declining release 
rate, indicative of diffusion-controlled kinetics. The present 
formulations achieved higher entrapment efficiency (up to 
82.86% for F6) and sustained release exceeding 90% over 9 
hours with release kinetics best fitting a zero-order model, 
suggesting superior control over drug release. Similar findings 
were noted in phytosome-based carriers of EGCG, where 
incorporation into lipid–polymer hybrid systems improved 
stability and reduced burst effects; however, incomplete release 
was often observed within 6–8 hours. Compared with these 
reports, encapsulation of phytosomes within chitosan 
microspheres provided a dual advantage: enhanced entrapment 
due to polymeric matrix stabilization and prolonged release 
governed by swelling–diffusion interplay. Thus, the present 
system not only demonstrates improved efficiency and release 
control over conventional microspheres or phytosome 
formulations but also highlights its potential as a robust platform 
for nasal delivery of green tea polyphenols. Earlier studies on 
green tea extract–loaded chitosan microspheres reported 
entrapment efficiencies in the range of 60–75% with initial burst 
release followed by diffusion-driven kinetics [41, 42]. On the 
other hand, our optimized formulations achieved higher 
entrapment (up to 82.86%) and sustained zero-order release for 
9 h. Similar findings have been reported for EGCG phytosomes, 
which improved stability but often exhibited incomplete release 
within 6–8 hours [43, 44]. Compared with these, encapsulation 
of phytosomes into chitosan microspheres provided both 
enhanced entrapment and prolonged release [45]. 
 
The correlations between formulation parameters provide 
critical mechanistic insights into the performance of 
microspheres. A higher drug loading, as observed in batches 
with greater entrapment efficiency, was generally associated 
with a more sustained release profile. This can be explained by 
the denser distribution of drug molecules within the polymeric 
matrix, which reduced the risk of surface deposition and 
minimized burst release. Similarly, the swelling index showed a 
positive relationship with mucoadhesion, as increased water 
uptake facilitated polymer chain relaxation and enhanced 
hydrogen bonding with mucin. This suggests that highly 
swellable formulations, such as F6 and F4, not only allowed 
greater expansion and diffusion-controlled release but also 

provided stronger adhesion to mucosal surfaces, potentially 
prolonging residence time and improving local drug availability. 
Together, these correlations suggest that formulations with 
optimized entrapment and swelling properties offer a dual 
advantage, achieving both controlled drug release and enhanced 
mucoadhesion, thereby improving therapeutic efficiency. 
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