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ABSTRACT

Objectives: To develop and optimize Syzygium aromaticum extract-loaded microspheres using Box-Behnken design and
evaluate their neuroprotective efficacy in rotenone-induced Parkinson's disease model for potential clinical translation in
neurodegenerative disorder management. Methods: Syzygium aromaticum ethanolic extract was prepared by Soxhlet
extraction and characterized for physicochemical properties. Microspheres were formulated using oil-in-water emulsion-
solvent evaporation method and optimized through Box-Behnken design with sodium alginate concentration, Tween 80
concentration, and stirring speed as independent variables. Seventeen formulations were prepared and evaluated for particle
size, entrapment efficiency, drug release, and stability. The optimized batch (F14) was selected based on desirability
function demonstrating optimal particle size and maximum entrapment efficiency. Neuroprotective efficacy was assessed
in Swiss albino mice using rotenone-induced Parkinson's model through behavioral tests (rotarod, catalepsy, open field,
actophotometer) and biochemical estimations (CAT, GSH, SOD, MDA). Results: The optimized formulation F14 exhibited
particle size of 378.64+16.15 um, entrapment efficiency of 83.66+3.35%, and sustained release of 89.92+4.68% over 12
hours. In vivo studies demonstrated superior neuroprotection with microsphere formulation significantly improving motor
coordination (144.3+13.9 sec), reducing catalepsy (33.8+5.9 sec), enhancing locomotor activity (146.5+12.8 counts), and
restoring antioxidant enzymes (catalase: 11.25+1.3 uM/mg protein/min; GSH: 10.95+1.3 nM/mg protein) compared to
pure extract (p<<0.05-0.001). Conclusion: The developed microsphere formulation demonstrated enhanced neuroprotective
efficacy through improved bioavailability and sustained release, offering significant clinical potential for
neurodegenerative disease management. These findings provide strong rationale for advancing this formulation toward
preclinical toxicity studies and clinical trials.
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INTRODUCTION

Neurodegenerative disorders, including Alzheimer's
disease, Parkinson's disease, and other cognitive
impairments, represent a significant global health
challenge affecting over 50 million people worldwide.!
The prevalence of these conditions is projected to triple
by 2050, creating an unprecedented burden on
healthcare systems and economies.? Current therapeutic
approaches remain largely symptomatic, with limited
disease-modifying treatments available. Conventional
pharmacological interventions face  substantial
challenges including poor blood-brain barrier
penetration, rapid systemic clearance, and significant
adverse effects. The economic burden exceeds $800
billion annually, encompassing direct medical costs and
indirect caregiving expenses.’ Recent trends highlight an
urgent need for novel neuroprotective agents derived
from natural sources, combined with advanced delivery
systems that can overcome biological barriers. The
inadequacy of existing treatments, coupled with the
progressive and irreversible nature of
neurodegeneration, necessitates innovative therapeutic
strategies that address both efficacy and delivery
limitations while minimizing toxicity.*

Syzygium aromaticum, commonly known as clove,
represents a promising natural source of neuroprotective
compounds, with eugenol constituting 70-90% of its
essential oil composition. This phenylpropanoid
compound exhibits remarkable antioxidant, anti-
inflammatory, and neuroprotective properties through
multiple mechanisms including free radical scavenging,
inhibition of lipid peroxidation, and modulation of
inflammatory cytokines.> The extract demonstrates
significant ability to attenuate oxidative stress-induced
neuronal damage by upregulating endogenous
antioxidant enzymes and suppressing pro-apoptotic
pathways. Previous investigations have established its
efficacy in ameliorating cognitive deficits in various
experimental models, attributed to its capacity to inhibit
acetylcholinesterase activity and reduce amyloid-beta
aggregation.® The polyphenolic constituents possess
metal-chelating properties that prevent iron-catalyzed
oxidative reactions implicated in neurodegeneration.
Despite these therapeutic advantages, the clinical
translation of Syzygium aromaticum extract faces
substantial  limitations including poor aqueous
solubility, rapid metabolism, and limited bioavailability
in the central nervous system. These pharmacokinetic
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challenges significantly compromise its therapeutic
potential,  necessitating  innovative  formulation
approaches.” Microspheres have emerged as superior
drug delivery platforms, offering unique advantages for
encapsulating and delivering bioactive compounds
across biological barriers. These microcarriers possess
spherical polymeric structures with excellent drug
loading capacity and controlled release characteristics.®
The exceptional biocompatibility, large surface area,
and ease of surface functionalization make them ideal
candidates for brain-targeted delivery. Recent advances
demonstrate their ability to enhance blood-brain barrier
penetration through receptor-mediated transcytosis and
passive diffusion mechanisms.’ The functional groups
on the surface facilitate conjugation with targeting
ligands, enabling site-specific  delivery  while
minimizing off-target effects. Microspheres provide
protection against enzymatic degradation and premature
clearance, significantly improving the pharmacokinetic
profile of encapsulated therapeutics. Their microscale
dimensions facilitate cellular uptake through endocytic
pathways, ensuring intracellular delivery of therapeutic
agents. Furthermore, these systems exhibit pH-
responsive release characteristics, enabling preferential
drug release in pathological microenvironments. The
biocompatible polymeric framework undergoes gradual
biodegradation, eliminating concerns regarding long-
term accumulation and systemic toxicity.’

The present study aims to develop and characterize
Syzygium aromaticum extract-loaded microspheres and
evaluate their neuroprotective efficacy through
comprehensive in  vivo investigations. Specific
objectives include optimization of formulation
parameters, physicochemical characterization,
assessment of blood-brain barrier penetration, and
evaluation of neuroprotective activity in experimental
animal models. This research addresses critical gaps in

natural product delivery for neurodegenerative
disorders.

MATERIALS AND METHODS

MATERIALS

Sodium alginate (pharmaceutical grade), Tween 80
(polysorbate 80), and dichloromethane (DCM, 99.5%,
analytical grade) Research Lab Fine Chem Industries,
Mumbai, India. Calcium chloride (CaCl:,, 97%,
analytical grade) Loba Chemie Pvt. Ltd., Mumbai, India.
Ethanol (99.9%, HPLC grade), methanol (99.8%), and
glacial acetic acid Merck Life Science Pvt. Ltd.,
Mumbeai, India. Sodium hydroxide (98%), hydrochloric
acid (37% w/v), and phosphate buffer salts (pH 1.2 and
7.4) SD Fine-Chem Ltd., Mumbai, India. Sodium
carboxymethyl cellulose (Na-CMC), rotenone (>95%,
analytical grade), and standard levodopa Sigma-Aldrich
(Merck), Bangalore, India. All other chemicals and
reagents used were of analytical grade. Double-distilled
water was used throughout the study.

METHODS
Plant Material

Activity.

Dried flower buds of Syzygium aromaticum (L.) was
procured from an authenticated herbal vendor in Pune,
Mabharashtra, India. The plant material was
authenticated (BSI/WRC/Tech./2024/JVD-50) at the
Botanical Survey of India, Western Regional Centre,
Koregaon Park, Pune-411001. The authenticated
material was thoroughly washed with distilled water,
shade-dried at room temperature (25+2°C), coarsely
powdered using a mechanical grinder, passed through
sieve No. 40, and stored in airtight amber-colored glass
containers until further use.!%!!

Preparation of Extract

The dried and powdered flower buds of Syzygium
aromaticum (100 g) were subjected to Soxhlet extraction
using ethanol (95% v/v, 500 mL) as the extraction
solvent. The extraction was carried out at 60-70°C for 6-
8 hours until the solvent in the siphon tube became
colorless, indicating complete extraction. The ethanolic
extract was filtered through Whatman filter paper No. 1,
and the filtrate was concentrated under reduced pressure
using a rotary evaporator (Buchi Rotavapor R-210,
Switzerland) at 45°C. The concentrated extract was
further dried in a vacuum desiccator to remove residual
solvent traces and obtain a dark brown semi-solid
extract. The percentage yield was calculated based on
the dry weight of the extract obtained relative to the
initial weight of plant material used. The dried extract
was stored in an airtight amber-colored glass container
in a refrigerator at 4°C until further use for
phytochemical analysis and formulation
development.'%!13

Determination of Scanning Absorbance Maxima
The wavelength of maximum absorbance (Amax) for
Syzygium aromaticum extract (SAE) was determined
using UV-Visible spectrophotometry. Stock solution
was prepared by dissolving 10 mg of extract in 10 mL of
methanol (1000 pg/mL). Working solution (10 pg/mL)
was prepared by appropriate dilution with methanol and
scanned in the UV-visible range of 200-800 nm against
methanol as blank. The wavelength showing maximum
absorbance was recorded as Amax and used for all further
spectrophotometric  analyses and quantification
studies.'

Preparation of Calibration Curve

Standard calibration curve for SAE was prepared to
establish  linearity —between concentration and
absorbance. From the stock solution (1000 pg/mL),
working standard solutions of 5, 10, 15, 20, 25, and 30
pg/mL were prepared by dilution with methanol. The
absorbance of each concentration was measured at Amax
against methanol as blank. Calibration curve was plotted
with concentration on x-axis and absorbance on y-axis.
The linearity was assessed by calculating correlation
coefficient (R?), and regression equation was determined
for quantification purposes in subsequent analytical
studies.'>16
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Solubility Studies

The solubility of SAE was determined by solvent
saturation method. Excess amount of extract was added
to 10 mL of different solvents including water,
methanol, ethanol, acetone, chloroform, and
dichloromethane in separate stoppered conical flasks.
Mixtures were mechanically shaken at 25+2°C for 24
hours, allowed to stand for 2 hours, and filtered through
Whatman filter paper No. 41. The concentration of
dissolved extract was determined
spectrophotometrically at Amax using calibration curves.
Solubility was expressed as mg/mL for each solvent.!?

Determination of Melting Point

The melting point of SAE was determined using
capillary tube method. Dried extract was finely
powdered and filled into clean, dry capillary tubes. The
capillary tubes were placed in melting point apparatus,
and temperature was gradually increased at 1-2°C per
minute. The initial and final melting temperatures were
recorded. Measurements were performed in triplicate to
ensure reproducibility.'®

Differential Scanning Calorimetry (DSC)

DSC studies were performed to investigate thermal
behavior and compatibility of SAE with formulation
excipients. Accurately weighed samples (2-5 mg) of
pure extract and physical mixtures with excipients (1:1
ratio) were placed in sealed aluminum pans. Samples
were heated at 10°C/min over 30-300°C under nitrogen
atmosphere (50 mL/min flow rate) using empty sealed
aluminum pan as reference. Thermograms were
analyzed for characteristic peaks, melting points, and
thermal behavior changes to assess drug-excipient
compatibility.'

Activity.

Fourier Transform Infrared Spectroscopy (FTIR)
FTIR was performed to identify characteristic functional
groups in SAE and study compatibility with formulation
excipients. Samples were prepared using KBr pellet
method, wherein 2-3 mg of pure extract or physical
mixture was mixed with 100 mg of dried KBr powder
and compressed under hydraulic pressure. FTIR spectra
were recorded in 4000-400 cm™ range with 4 cm™
resolution. Characteristic peaks were identified and
analyzed. Any shift, appearance, or disappearance of
peaks in physical mixtures compared to pure extract was
examined to assess interactions and confirm formulation
compatibility.?

Experimental Design

A Box-Behnken Design (BBD) was employed to
optimize the microsphere formulation. Independent
variables were sodium alginate concentration (X1i),
Tween 80 concentration (X2), and stirring speed (Xs).
Dependent variables were particle size (Y:) and
entrapment efficiency (Y2). The design consisted of 17
experimental runs including 12 factorial points and 5
center points. Experimental data was fitted to a second-
order polynomial equation:

Y = Bo + BiXa + B2Xo + BaXs + PraXiXo + PisXuXs +
B23XaXs + PuiXa? + P2 Xo? + P33 Xs?

Statistical analysis including ANOVA, regression
analysis, and response surface plots were performed
using Design-Expert® software (Version 13, Stat-Ease
Inc., Minneapolis, USA). Model adequacy was assessed
using R?, adjusted R?, predicted R?, and adequate
precision values.?!??

Table 1: Independent and Dependent Variables with Their Levels Used in Box-Behnken Design for Microsphere

Optimization

Independent Variables Levels
Low level (-1) High Level (+1)

Sodium Alginate (% w/v) 1 3
Tween 80 (% v/v) 0.5 1
Stirring Speed (rpm) 800 1200
Dependent Variables
Particle Size (um) Minimize
Entrapment Efficiency (%) Maximize

Formulation of Microspheres

Syzygium aromaticum extract-loaded microspheres (SA-
Microspheres) were prepared by oil-in-water emulsion-
solvent evaporation method. Sodium alginate (1.0-3.0%
w/v) was dissolved in a mixture of dichloromethane and
ethanol (2:1 v/v, 30 mL total) under magnetic stirring for
1-2 hours. SAE was incorporated in a polymer to extract
ratio of 1:5 (w/w) and stirred for 30 minutes. This
organic phase was added dropwise into aqueous phase
containing distilled water (200 mL) with Tween 80 (0.5-
1.0% v/v) and stirred at controlled speeds (800-1200

rpm) for 3-4 hours to allow solvent evaporation. The
microspheres were cross-linked by adding calcium
chloride solution (5% w/v, 20 mL) dropwise under
continuous stirring for 30 minutes. Microspheres were
separated by filtration, washed thoroughly with distilled
water (5%50 mL), dried at 40+2°C for 24 hours, and
stored in airtight amber-colored glass containers in a
desiccator until further use. All formulations were
prepared in triplicate according to Box-Behnken Design
matrix, and particle size (Y1) and entrapment efficiency
(Y2) were evaluated for each batch.2>*
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Activity.

Table 2: Formulation Composition of Herbal Microspheres According to Box-Behnken Design

Batch Sodium Tween | Herbal DCM Ethanol Distilled CaCl: 5%
Code Alginate (% | 80 (% | Extract (% | (mL) (mL) Water (mL) w/v (mL)
w/v) v/v) w/v)*

F1 1.0 1.0 0.2 20 10 200 20

F2 2.0 1.0 0.4 20 10 200 20

F3 1.0 0.75 0.2 20 10 200 20

F4 2.0 0.75 0.4 20 10 200 20

F5 2.0 0.75 0.4 20 10 200 20

F6 2.0 0.75 0.4 20 10 200 20

F7 2.0 0.75 0.4 20 10 200 20

F8 3.0 0.5 0.6 20 10 200 20

F9 2.0 1.0 0.4 20 10 200 20

F10 2.0 0.5 0.4 20 10 200 20

F11 1.0 1.0 0.2 20 10 200 20

F12 2.0 0.75 0.4 20 10 200 20

F13 2.0 0.5 0.4 20 10 200 20

F14 3.0 0.75 0.6 20 10 200 20

F15 3.0 1.0 0.6 20 10 200 20

F16 1.0 0.5 0.2 20 10 200 20

F17 3.0 0.75 0.6 20 10 200 20

Characterization of Microspheres

Percentage Yield

The percentage yield of SA-Microspheres was
calculated to assess formulation efficiency. Dried
microspheres from each batch were accurately weighed
using a digital analytical balance (Sartorius, Germany).
Percentage yield was calculated using:

Percentage Yield (%) = (Practical mass of
microspheres / Theoretical mass of microspheres) x
100

All measurements were performed in triplicate, and
results were expressed as mean + S.D.%

Particle Size and Particle Size Distribution

Mean particle size and distribution were determined
using dynamic light scattering (DLS). Microspheres
were dispersed in distilled water at 0.1 mg/mL and
analyzed wusing a Zetasizer Nano ZS (Malvern
Instruments, UK) at 25 + 0.5°C. Mean particle size,
polydispersity index (PDI), and size distribution were
calculated. All measurements were performed in
triplicate, and results were expressed as mean + S.D.?

Zeta Potential Determination

Zeta potential was measured to assess surface charge and
predict physical stability. Microspheres were dispersed
in distilled water (pH 7.0) at 1 mg/mL and subjected to
probe ultrasonication at 40% amplitude for 5 minutes.
Zeta potential was determined using Zetasizer Nano ZS
at 25+0.5°C. Measurements were performed with at
least 15 runs in triplicate and expressed as mean + S.D.
Values greater than £30 mV indicate excellent stability,

+20 to £30 mV indicate good stability, and below +20
mV suggest potential aggregation.?’

Drug Loading and Entrapment Efficiency

Drug Loading (DL%)

Accurately weighed microspheres (50 mg) were crushed
and transferred to a 100 mL volumetric flask containing
methanol, vortexed for 10 minutes, and kept at room
temperature for 24 hours with intermittent shaking. The
solution was filtered through Whatman filter paper No.
41, diluted, and analyzed spectrophotometrically at Amax
using UV-Vis spectrophotometer (Shimadzu UV-1800,
Japan). Drug loading was calculated using:

Drug Loading (%) = (Actual drug content / Weight
of microspheres) x 100

Entrapment Efficiency (EE%)

Accurately weighed microspheres (50 mg) were crushed
and transferred to a 250 mL volumetric flask containing
PBS (pH 7.4). The flask was kept at 37+0.5°C for 24
hours with occasional shaking, stirred at 500 rpm for 20
minutes, and filtered through Whatman filter paper No.
40. The extract amount was  determined
spectrophotometrically at Amax. Entrapment efficiency
was calculated using:

Entrapment Efficiency (%) = (Actual drug content /
Theoretical drug content) x 100

All measurements were performed in triplicate, and
results were expressed as mean + S.D. 2%

In Vitro Drug Release Studies

In vitro release profile was evaluated using USP Type-
II dissolution apparatus (Electrolab TDT-08L, Mumbai,
India). Microspheres equivalent to 10 mg extract were
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placed in 900 mL of 0.1 N HCI (pH 1.2) at 37+0.5°C
with 50 rpm paddle speed for 2 hours to simulate gastric
conditions, then replaced with PBS (pH 7.4) for up to 12
hours. At predetermined intervals (0.5, 1, 2, 3, 4, 6, 8,
10, and 12 h), 5 mL aliquots were withdrawn and
replaced with fresh buffer. Samples were filtered
through 0.45 pm PVDF filters and analyzed
spectrophotometrically at Amax. Cumulative percentage
drug release was calculated using:

Cumulative % Drug Release = (Ct x V + X Ci x S) /
Total drug content x 100

where Ct is concentration at time t, V is volume of
dissolution medium, Ci is concentration of withdrawn
sample, and S is sample volume. All experiments were
performed in triplicate, and results were expressed as
mean + S.D. Release data was fitted to zero-order, first-
order, Higuchi, Korsmeyer-Peppas, and Hixson-Crowell
models to determine release mechanism.*

Morphological Analysis
Microscopy (SEM)

Surface morphology and texture of optimized SA-
Microspheres were examined using SEM (JEOL JSM-
6510LV, Japan). Microspheres were mounted on
aluminum stubs with double-sided carbon tape and
sputter-coated with gold-palladium alloy for 120
seconds. Samples were examined at 15-20 kV
accelerating voltage with varying magnifications (X100,
%500, x1000, x5000). Photomicrographs were captured
to assess surface characteristics, particle uniformity,
sphericity, surface texture, pores, and agglomeration.*!

by Scanning Electron

Stability Studies

Stability studies were conducted according to ICH Q1A
(R2) guidelines. Optimized microsphere formulations
were packed in amber-colored Type III glass vials with
rubber stoppers and stored at long-term conditions
(25+£2°C / 60+5% RH) and accelerated conditions
(40+£2°C / 75+5% RH) in stability chambers. Samples
were withdrawn at 0, 1, 2, 3, and 6 months and evaluated
for physical appearance, particle size, drug content,
entrapment efficiency, and in vitro drug release profile.
Stability data was statistically analyzed using one-way
ANOVA 2

Neuroprotective Activity

Experimental Animals

Male Swiss albino mice weighing 25-30 g were
procured from the institutional animal house. Animals
were maintained under standard laboratory conditions
(2542°C, 55+5% RH, 12-hour light/dark cycle) with free
access to standard pellet diet and water ad libitum. All
experimental procedures adhered to CCSEA protocols,

Government of India. Approval
(IIRT/TAEC/34/2025/012) was obtained from the
Institutional Animal Ethical Committee before

commencing experiments.

Rotenone-Induced Parkinson's Disease Model

Activity.

Animals were randomly allocated into five experimental
groups (n = 6). Group G1 (normal control) received the
vehicle (distilled water), and Group G2 (disease control)
received 0.5% w/v Na-CMC. Group G3 was treated with
Syzygium aromaticum extract (SAE, 200 mg/kg), Group
G4 received the optimized SA-microsphere formulation
(SAMS- 200 mg/kg), and Group G5 was treated with
levodopa and carbidopa (65 mg/kg and 20 mg/kg,
respectively). Groups G2-G5 were induced with
subcutaneous injections of rotenone (2.5 mg/kg in
DMSO) on alternate days until day 21. All treatments
were administered orally once daily throughout the
study period. Neurobehavioral performance was
assessed weekly up to day 21. On day 22, the animals
were humanely sacrificed, and brain samples were
isolated and analyzed for biochemical parameters.*-3*

Behavioral Tests

Mice were acclimatized and trained for seven days
before experimental protocol. Motor coordination and
grip strength were assessed using rotarod test, cataleptic
behavior using catalepsy test, and locomotor activity
using open field test and actophotometer. All tests were
conducted weekly for three consecutive weeks.*

Rotarod Test

Animals were placed on a rotating rod (3 cm diameter)
at 20 rpm. Three test trials were conducted with 5-
minute inter-trial intervals. Duration on the rotating rod
was recorded as motor coordination index with 300-
second cut-off time.3¢

Catalepsy Test

Each mouse was positioned with hind limbs on an
elevated platform and forepaws on the floor. Latency to
correct posture was recorded as catalepsy index. Test
was repeated six times, and mean latency was
calculated.”’

Actophotometer Test
Animals were placed in actophotometer chamber and
acclimatized for 60 seconds. Light beam interruptions
by movements were recorded for 300 seconds.
Locomotor activity was expressed as total photo-beam
counts over 5 minutes’®

Open Field Test

Animals were placed in square arena (100 cm % 100 cm
x40 cm) divided into 25 squares. Line crossings (all four
paws in new square), total immobility time, and rearing
behavior frequency were recorded for 300 seconds per
animal.®

Preparation of Brain Homogenate

On day 22, animals were euthanized by cervical
dislocation. Brains were rapidly excised, washed with
ice-cold PBS (pH 7.4), and weighed. Whole brain tissue
was homogenized (10% w/v) in ice-cold phosphate
buffer (0.1 M, pH 7.4) on ice. Homogenate was
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centrifuged at 10,000 rpm for 15 minutes at 4°C, and
supernatant was collected for biochemical analyses.*°

Estimation of Biochemical Parameters

Antioxidant enzymes including superoxide dismutase
(SOD), catalase (CAT), reduced glutathione (GSH), and
lipid peroxidation marker malondialdehyde (MDA)
were estimated. Catalase activity was determined by
measuring hydrogen peroxide decomposition at 240 nm.
SOD activity was assessed by pyrogallol auto-oxidation
inhibition method. GSH levels were estimated using
Ellman's reagent (DTNB) at 412 nm. Lipid peroxidation
was quantified by measuring TBARS as MDA
equivalents at 532 nm.*!

Statistical Analysis

Data are expressed as mean = SD (n=6). Statistical
analyses were performed using GraphPad Prism
software (Version 10.0). One-way or two-way ANOVA

Activity.

disease control. Values of #p<0.05 indicate significant
differences compared with normal control, while
Wp<0.05 denotes significant differences compared with
extract-treated groups (SAE).*

RESULTS

Calibration Curve Determination

The calibration curve of SAE demonstrated excellent
linearity at 278 nm wavelength across the concentration
range of 5-30 pg/mL. The linear regression analysis
yielded a high correlation coefficient (R*? = 0.9996),
indicating strong proportional relationship between
absorbance and concentration. The regression equation
(y = 0.034x + 0.0078) with slope 0.034 and intercept
0.0078 was obtained and utilized for accurate
quantification of extract content in subsequent analytical
procedures including drug loading, entrapment
efficiency, and in vitro release studies, ensuring reliable

followed by Tukey's or Bonferroni's post hoc test were spectrophotometric ~ determination throughout the
applied. Values of *p<0.05, **p<0.01, and ***p<0.001 investigation.
were considered significantly different compared with
1.2
y =0.034x + 0.0078
R?=0.9996
1
0.8
8
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Figure 1: Calibration Curve of SAE at 278 nm

Solubility Study

The solubility profile of SAE revealed maximum solubility in ethanol (194.88+4.45 mg/mL) and methanol (186.25+3.17
mg/mL), classified as freely soluble. Moderate solubility was observed in chloroform (77.66+1.31 mg/mL) and acetone
(68.45+1.53 mg/mL). The extract exhibited poor aqueous solubility in water (8.68+0.25 mg/mL) and phosphate buffer pH
7.4 (18.38+0.49 mg/mL), while petroleum ether showed minimal dissolution (0.50+0.07 mg/mL). These findings
confirmed the lipophilic nature of the extract, justifying microencapsulation for enhanced bioavailability.

Table 2: Solubilit

Profile of SAE in Different Solvents

Sr. No. Solvent Solubility (mg/mL) Inference

1 Water 8.68 +0.25 Slightly soluble

2 Methanol 186.25 +3.17 Freely soluble

3 Ethanol 194.88 +4.45 Freely soluble

4 Chloroform 77.66 £ 1.31 Soluble

5 Acetone 68.45+1.53 Soluble

6 Petroleum Ether 0.50 + 0.07 Very slightly soluble
7 Phosphate Buffer pH 7.4 18.38£0.49 Sparingly soluble
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Activity.
Values are expressed as mean = S.D. (n=3)

Melting Point Determination

The melting point determination of SAE was performed using capillary tube method, revealing a melting point of
59.2+1.8°C. This relatively low melting point indicates the semi-solid nature of the extract at room temperature, attributed
to the presence of eugenol and other volatile phenolic compounds as major constituents. The narrow standard deviation
(+1.8°C) demonstrated good reproducibility of measurements. This thermal characteristic was crucial for selecting
appropriate processing conditions during microsphere formulation and provided baseline data for subsequent differential
scanning calorimetry and thermogravimetric analyses.

Table 3: Melting Point of SAE
Sr. No. Sample Melting Point (°C)
1 Syzygium aromaticum Ethanolic Extract (SAE) 59.2+1.8
Values are expressed as mean + S.D. (n=3)

DSC Analysis

The DSC thermogram of SAE exhibited a characteristic sharp endothermic peak at 59.22°C, corresponding to its melting
point and confirming the extract's thermal behavior. The physical mixture of extract with microspheres excipients
displayed two distinct endothermic peaks at 59.16°C and 189.25°C. The preservation of the extract's characteristic peak
at 59.16°C with minimal shift indicated absence of significant chemical interactions between the extract and formulation
components. This compatibility confirmation was essential for proceeding with microsphere formulation, ensuring extract
stability during processing and storage.
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Figure 2: DSC Spectra of (A) SAE (59.22) and (B) Physical Mixture (59.16 and 189.25)
FTIR Analysis
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Activity.

The FTIR spectrum of SAE displayed characteristic peaks at 3410 cm™ (O-H stretching), 3071 and 3009 cm™ (aromatic
C-H stretching), 2965, 2935, and 2853 cm™! (aliphatic C-H stretching), 1632 cm™ (asymmetric COO™ stretching), 1593
and 1514 cm™ (aromatic C=C stretching), and 1278 and 1237 cm™ (C-O stretching), confirming the presence of eugenol
and phenolic compounds. The physical mixture exhibited minimal peak shifts with retention of major functional groups
at 3413, 3046, 1514, and 1235 cm™’, indicating no significant chemical interactions between extract and excipients, thereby
confirming compatibility for formulation development.
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Evaluation of Syzygium aromaticum Microspheres (SAMS)

The evaluation of SAMS formulations revealed percentage yield ranging from 68.45+2.14% (F1) to 88.65+3.45% (F9),
with higher yields observed at increased sodium alginate concentrations. Mean particle size varied between 299.15+12.82
um (F1) and 425.22+18.16pm (F9), demonstrating significant influence of formulation variables. Polydispersity index
values ranged from 0.298+0.020 to 0.423+0.036, indicating acceptable size distribution uniformity (PDI < 0.5). Zeta
potential measurements exhibited negative values ranging from -28.45+1.82 mV to -43.85+2.98 mV, confirming good
colloidal stability due to electrostatic repulsion between particles, with values exceeding +30 mV indicating excellent
physical stability.

Table 4: Results of Percentage Yield, Particle Size, Polydispersity Index and Zeta Potential of SAMS

Batch | Percentage Yield (%) | Mean Particle Size (um) | Polydispersity Index (PDI) | Zeta Potential (mV)
F1 68.45+2.14 299.15+12.82 0.298 +£ 0.020 -28.45+1.82
F2 72.18 +2.45 312.64 £13.25 0.312 £ 0.022 -31.28 £2.14
F3 75.82 +2.68 368.55 + 15.68 0.365 £ 0.028 -34.65+2.38
F4 71.35+2.32 361.92 +£15.42 0.358 £ 0.027 -29.85+1.95
F5 78.96 + 2.85 362.18 £15.42 0.360 + 0.028 -36.42 +£2.52
F6 82.45+3.12 361.91 +£15.40 0.359 +£ 0.027 -38.75 £2.68
F7 76.28+2.74 361.92 +£15.42 0.360 + 0.028 -33.52+£2.28
F8 85.32+£3.28 425.16 + 18.15 0.422 +£ 0.036 -41.28 £2.85
F9 88.65 +3.45 42522+ 18.16 0.423 +£0.036 -43.85 £2.98
F10 79.82+2.92 368.45 + 15.68 0.365 + 0.028 -37.12+2.58
F11 83.15£3.18 379.07 £ 16.18 0.376 £0.030 -39.85+£2.75
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F12 80.48 +2.98 361.92+ 1542 0.360 + 0.028 -37.85+2.62
F13 81.72 +£3.05 388.65 + 16.58 0.385+0.032 -39.15+£2.72
F14 82.95+3.14 378.64 £ 16.15 0.375 £0.030 -39.52+£2.74
F15 81.38 +£3.02 399.14 £ 17.02 0.396 +0.033 -38.45 + 2.68
Fl16 82.18 £ 3.08 369.82 + 15.75 0.367 +£0.029 -38.92+2.70
F17 81.85+3.06 364.47 +£15.52 0.362 +0.028 -38.68 = 2.69

Values are expressed as mean = S.D. (n=3)

The drug loading and entrapment efficiency of SAMS demonstrated considerable variation across formulations. Drug
loading ranged from 12.45+0.82% (F1) to 24.95+1.68% (F9), with higher values observed at increased sodium alginate
concentrations due to enhanced polymer matrix density. Entrapment efficiency varied between 71.45+2.58% (F1) and
90.84+3.85% (F8), indicating effective extract encapsulation within the alginate matrix. Formulations F8 and F9 exhibited
superior entrapment efficiency (>90%), attributed to optimal polymer-to-surfactant ratios and controlled stirring speeds.
These findings confirmed successful encapsulation of Syzygium aromaticum extract within microsphere formulations,
ensuring adequate drug payload for therapeutic applications.

Table 5: Drug Loading and Entrapment Efficiency of SAMS

Batch Drug Loading (%) Entrapment Efficiency (%)
F1 12.45+£0.82 71.45+2.58
F2 15.82 £ 1.05 74.86 +2.82
F3 18.65 + 1.24 82.16 £3.25
F4 14.28 + 0.95 80.09 +3.18
F5 19.42 +1.32 80.09 +3.18
F6 21.85+1.48 80.09 +3.18
F7 17.56 + 1.18 80.09 +3.18
F8 23.28 +1.58 90.84 + 3.85
F9 24.95 +1.68 90.16 + 3.82
F10 20.18 +£1.38 82.56 +3.28
F11 2245+1.52 82.76 £ 3.30
F12 21.12+1.42 80.09 +3.18
F13 22.82 +1.54 86.35+3.48
F14 23.18 +1.56 83.66 +3.35
FI5 21.68 +1.48 87.15+3.52
Fl16 22.35+1.52 85.68 +3.45
F17 22.05 + 1.50 82.43+3.28

Values are expressed as mean = S.D. (n=3)

In vitro Drug Release

The in vitro drug release profile of SAMS demonstrated biphasic release kinetics over 12 hours. Initial burst release during
the first 2 hours ranged from 22.65+1.25% (F1) to 38.92+2.15% (F9), attributed to surface-associated extract dissolution.
Subsequently, sustained release was observed with cumulative drug release at 12 hours varying from 65.82 + 3.38% (F1)
to 92.45+4.78% (F9). Higher sodium alginate concentrations in formulations F8 and F9 achieved maximum release
(89.68-92.45%), demonstrating efficient extract diffusion from swollen polymer matrix. The controlled release pattern
confirmed successful microsphere formulation for prolonged therapeutic action of SAE.
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Swelling Index of SAMS

The swelling behavior of SAMS exhibited time-dependent water uptake capacity over 12 hours. Initial swelling index at
0.5 hours ranged from 12.454+0.68% (F1) to 28.95+1.58% (F9), progressively increasing to 84.68+4.58% (F1) and
153.15+8.25% (F9) at 12 hours. Formulations with higher sodium alginate concentrations (F8, F9) demonstrated
maximum swelling (142.68-153.15%), attributed to enhanced hydrophilic polymer matrix and increased water
penetration. The substantial swelling capacity facilitated controlled drug diffusion through the swollen gel network,
correlating positively with sustained release profiles and confirming the pH-responsive nature of alginate-based

microspheres for effective therapeutic delivery.
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Figure 5: Swelling Index Profile of All Batches (F1-F11)

Optimization of Syzygium aromaticum Loaded
Microsphere

Effect of Independent Variables on Particle Size

The Box-Behnken Design was employed to optimize
formulation parameters affecting particle size of
Syzygium aromaticum extract-loaded microspheres.
Model fit summary analysis revealed that the quadratic
model was most appropriate, with high adjusted R? of
0.9985 and predicted R? of 0.9896 (p<0.0001). ANOVA

for the quadratic model demonstrated high significance
(F-value = 1190.54, p<0.0001). Among independent
variables, stirring speed exhibited the most profound
effect (F-value = 2575.01, p<0.0001), followed by
sodium alginate concentration (F-value = 1891.98,
p<0.0001). The interaction term BC (Tween 80
concentration x Stirring speed) showed remarkable
significance (F-value 2932.88, p<0.0001). All
quadratic terms (A2, B2, C?) demonstrated statistical
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significance (p<0.0001), with B? showing the highest F-
value of 1920.65.

The regression equation obtained for particle size
optimization was:

Particle Size = 361.97 + 18.8525xA — 4.50125xB —
21.9938xC — 8.8175xAB + 13.8075xAC — 33.195xBC
+ 5.145x A% + 26.1825xB? — 14.4125%xC?

Analysis of polynomial coefficients revealed that
sodium alginate concentration (coefficient = +18.8525)
positively influenced particle size, while stirring speed
(coefficient = —21.9938) demonstrated strong negative
effect. The interaction term BC (coefficient = —33.195)
showed the most substantial negative effect, suggesting
simultaneous increase in Tween 80 concentration and
stirring speed significantly reduced particle size. The
predicted versus actual plot demonstrated excellent
correlation between experimental and predicted values,
validating the model's predictive accuracy.

Effect of Independent Variables on Entrapment
Efficiency

The optimization of entrapment efficiency was
successfully achieved using the quadratic model, with
adjusted R* of 0.9880 and predicted R* of 0.9161
(p<0.0001). ANOVA vyielded a highly significant F-

Activity.

influence (F-value = 238.08, p<0.0001), followed by
sodium alginate concentration (F-value 210.12,
p<0.0001). Tween 80 concentration also demonstrated
significant impact (F-value = 47.73, p = 0.0002). The
interaction term BC exhibited exceptional significance
(F-value = 315.56, p<0.0001). Among quadratic terms,
B? showed the highest significance (F-value = 370.08,
p<0.0001), while the AB interaction was non-significant
(p =0.4969).

The regression equation for entrapment efficiency
optimization was:

Entrapment Efficiency 80.09 + 2.75375xA -
1.3125xB — 2.93125xC — 0.1925xAB + 2.37xAC —
4.7725xBC + 1.48xA? + 5.0375%xB? — 1.645xC?
Examination of polynomial coefficients revealed that
sodium alginate concentration (coefficient = +2.75375)
positively influenced entrapment efficiency, while
stirring speed (coefficient = —2.93125) and Tween 80
concentration (coefficient = —1.3125) exhibited negative
effects. The interaction term BC (coefficient = —4.7725)
demonstrated the most pronounced negative influence.
The predicted versus actual plot exhibited excellent
agreement between experimental observations and
model predictions, confirming the model's robust

value of 147.62 (p<0.0001). Among independent predictive capability for entrapment efficiency
variables, stirring speed exerted the most significant optimization.
Table 6: Model fit summary for particle size and entrapment efficiency
Source | Sequential p-value | Lack of Fit p-value | Adjusted R? | Predicted R? |
Particle Size
Linear 0.0578 <0.0001 0.2944 -0.1811
2F1 0.0245 <0.0001 0.6270 -0.1190
Quadratic | <0.0001 <0.0001 0.9985 0.9896 Suggested
Cubic <0.0001 1.0000 Aliased
Entrapment efficiency
Linear 0.1001 0.2262 -0.2502
2F1 0.0851 0.4660 -0.4415
Quadratic | <0.0001 0.9880 0.9161 Suggested
Cubic 1.0000 Aliased
Table 7: ANOVA summary for quadratic model for particle size and entrapment efficiency
Source | Sum of Squares | df | Mean Square | F-value | p-value |
Particle Size
Model 16102.62 9 1789.18 1190.54 | <0.0001 | significant
A-Sodium Alginate | 2843.33 1 2843.33 1891.98 | <0.0001
B-Tween 80 162.09 1 162.09 107.86 | <0.0001
C-Stirring Speed 3869.80 1 3869.80 2575.01 | <0.0001
AB 310.99 1 310.99 206.94 | <0.0001
AC 762.59 1 762.59 507.43 | <0.0001
BC 4407.63 1 4407.63 2932.88 | <0.0001
A? 111.46 1 111.46 74.16 <0.0001
B? 2886.41 1 2886.41 1920.65 | <0.0001
C 874.61 1 874.61 581.98 | <0.0001
Residual 10.52 7 1.50
Lack of Fit 10.46 3 3.49 252.77 | <0.0001 | significant
Pure Error 0.0552 4 0.0138
Cor Total 16113.14 16
Entrapment Efficiency
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c= 1000

80 (% W)
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x=c

Actual Factor

B=075
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Activity.

Model 383.58 9 42.62 147.62 | <0.0001 | significant

A-Sodium Alginate | 60.67 1 60.67 210.12 | <0.0001

B-Tween 80 13.78 1 13.78 47.73 0.0002

C-Stirring Speed 68.74 1 68.74 238.08 | <0.0001

AB 0.1482 1 0.1482 0.5134 | 0.4969

AC 22.47 1 22.47 77.82 <0.0001

BC 91.11 1 91.11 315.56 | <0.0001

A? 9.22 1 9.22 31.94 0.0008

B? 106.85 1 106.85 370.08 | <0.0001

C? 11.39 1 11.39 39.46 0.0004

Residual 2.02 7 0.2887

Lack of Fit 2.02 3 0.6737

Pure Error 0.0000 4 0.0000

Cor Total 385.61 16
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Figure 6: Contour plots showing the effect of formulation variables on (al-a3) particle size and (bl-b3) entrapment
efficiency of Syzygium aromaticum extract-loaded microspheres. (al, bl) Effect of sodium alginate concentration and
Tween 80 concentration at constant stirring speed; (a2, b2) Effect of sodium alginate concentration and stirring speed at
constant Tween 80 concentration; (a3, b3) Effect of Tween 80 concentration and stirring speed at constant sodium alginate
concentration. Green zones indicate optimal ranges, while yellow-to-red zones indicate less desirable values.

Validation of Statistical Model
The optimized formulation (F14) exhibited excellent agreement between predicted and experimental values, with particle
size showing 4.79% relative error (predicted: 361.33 pum, practical: 378.64 um) and entrapment efficiency demonstrating
minimal deviation of 0.23% (predicted: 83.85%, practical: 83.66%). These results validated the quadratic model's

predictive accuracy.

Table 8: Validation of Optimized Formulation of SAMS

Batch

Response

Predicted value

Practical value

% Relative error

F14

Particle Size

361.33

378.64

4.79
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| | Entrapment Efficiency | 83.85 | 83.66 | 0.23 |

SEM Analysis
The SEM analysis of optimized SAMS (Batch F14) revealed distinct spherical morphology with relatively smooth surface
texture and uniform particle distribution at 400x magnification. The micrograph confirmed successful microsphere
formation through emulsion-solvent evaporation method, with particles exhibiting characteristic spherical geometry
ranging from smaller to larger sizes, consistent with the polydispersity index of 0.375+0.030. The well-separated particles
without significant agglomeration demonstrated good dispersibility and confirmed the effectiveness of Tween 80 as
emulsifying agent. The smooth surface texture indicated complete solvent evaporation and proper cross-linking with
calcium chloride, validating the formulation strategy employed for pharmaceutical application.

Figure 7: SEM analysm of batch F14

Stability Study

The stability study of optimized batch F14 demonstrated satisfactory storage stability over six months at both room
temperature (25+2°C/ 60+5% RH) and accelerated conditions (40+2°C/ 75+5% RH). At room temperature, minimal
deviations were observed in particle size (0.95%), drug content (1.77%), and entrapment efficiency (1.77%). Under
accelerated conditions, slightly higher deviations occurred in particle size (2.59%), drug content (4.07%), and entrapment
efficiency (4.52%), remaining within acceptable limits (<5%). Physical appearance remained unchanged throughout the
study, confirming formulation stability and suitability for pharmaceutical application.

Table 9: Stability Study of Optimized Batch F14 of SAMS at Different Storage Conditions

Time Physical Particle | % Drug % Entrapment | %

Period Appearance | Size Deviation | Content (%) | Deviation | Efficiency Deviation

(Months) (nm) (%)

Room Temperature (25+£2°C/ 60+£5% RH)

0 (Initial) | Free-flowing, | 378.64 + | - 99.28+1.32 | - 83.66+3.35 | -
spherical, 16.15
brown

1 Free-flowing, | 379.12+ | 0.13 99.06 +1.36 | 0.22 83.48+3.38 | 0.22
spherical, 16.22
brown
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2 Free-flowing, | 379.82 + | 0.31 98.76 £ 1.42 | 0.52 83.18+3.42 | 0.57
spherical, 16.35
brown

3 Free-flowing, | 380.58 £ | 0.51 98.38+1.48 | 091 82.86+3.46 | 0.96
spherical, 16.48
brown

6 Free-flowing, | 382.24 + | 0.95 97.52+1.62 | 1.77 82.18£3.56 | 1.77
spherical, 16.72
brown

Accelerated Condition (40+£2°C/ 75+5% RH)

0 (Initial) | Free-flowing, | 378.64 + | - 99.28+1.32 | - 83.66+3.35 | -
spherical, 16.15
brown

1 Free-flowing, | 380.26 + | 0.43 98.74+1.38 | 0.54 83.06+3.42 | 0.72
spherical, 16.38
brown

2 Free-flowing, | 382.15+ | 0.93 9792+148 | 1.37 82.38+3.52 | 1.53
spherical, 16.65
brown

3 Free-flowing, | 384.28 + | 1.49 96.86+1.62 | 2.44 81.52+3.64 | 2.56
spherical, 16.95
brown

6 Free-flowing, | 388.45+ | 2.59 9524+ 1.82 | 4.07 79.88+3.85 | 4.52
spherical, 17.48
brown

Values are expressed as mean = S.D. (n=3)
Neuroprotective Activity frequency (9.7£1.0), and actophotometer counts

The neuroprotective efficacy of Syzygium aromaticum
extract (SAE) and microsphere formulation (SAMS)
was evaluated using rotenone-induced Parkinson's
disease model. Rotenone administration (G2)
significantly impaired motor coordination, cataleptic
behavior, and locomotor activity compared to normal
control (Gl) (p<0.05). SAMS treatment (G4)
demonstrated superior therapeutic efficacy compared to
SAE (G3), significantly improving rotarod performance
(144.3£13.9 sec), reducing catalepsy (33.8+£5.9 sec),
increasing square crossings (32.5+6.2), rearing

(146.5+12.8) (p<0.05-0.001 vs. SAE). Biochemical
analysis revealed SAMS significantly restored
antioxidant enzyme levels including catalase (11.25+1.3
uMole/mg protein/min), GSH (10.95+1.3 nM/mg
protein), and SOD (6.97+1.1 U/mg protein) while
reducing lipid peroxidation (6.65+1.0 nM MDA/g
tissue)  (p<0.05-0.001), demonstrating enhanced
neuroprotection through improved bioavailability and
sustained release characteristics of the microsphere
formulation.
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significant differences compared with the normal control group, while ¥p<0.05 denotes significant differences compared
with the SAE-treated group.
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Biochemical Parameters- Antioxidant components

Table 10: Effect of SAE and SAMS on antioxidant components

Groups | Treatment Catalase activity | GSH Level | SOD Level | LPO activity
(M of H:0: | (nM/mg protein) | (U/mg Protein) | (nM of MDA/ g
decomposed /mg tissue)
protein/min)

Gl Control 16.10+1.9 15.28+2.4 8.03+1.4 2.5140.9

G2 RT- 1.5 mpk; s.c. 4.80+1.0# 5.08+0.7# 3.37+0.4# 10.60+1.5#

G3 SAE- 200 mpk 7.85+1.2* 7.98+1.4* 5.02+1.0* 8.50+0.7*

G4 SAMS- 200 mpk 11.25+]1.3***p 10.95£1.3*** ¥ | 6.97+1.1*** ¥ 6.65+1.0*** ¥

G5 STD- LD- 65 mpk + | 13.10+2.5%** 13.6242.0%** 7.73+0.5%** 4.75+0.8%**
CD- 20 mpk
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DISCUSSION

The present study successfully developed and optimized
Syzygium  aromaticum  extract-loaded  microspheres
(SAMS) using the Box—Behnken design and
comprehensively evaluated their neuroprotective effects in
a rotenone-induced model of Parkinson’s disease. Syzygium
aromaticum extract (SAE) was prepared using Soxhlet
extraction with an acceptable yield, and its physicochemical
characterization was performed to determine fundamental
properties essential for formulation development.** The
calibration curve demonstrated excellent linearity at the
maximum wavelength, providing a reliable method for
extract quantification throughout the study. Solubility
studies indicated that the extract possesses lipophilic
characteristics, showing higher solubility in organic
solvents such as ethanol and methanol, while exhibiting
limited solubility in aqueous media, thereby justifying the
need for microencapsulation. The melting point
determination suggested the semi-solid nature of the
eugenol content, which was further supported by DSC and
FTIR analyses.*

The optimization strategy employed a Box—Behnken
design, in which sodium alginate concentration, Tween 80
concentration, and stirring speed were used as independent
variables, while particle size and entrapment efficiency
were selected as dependent responses. Statistical analysis
demonstrated that both responses were highly significant
when fitted to a quadratic model. Among the variables,
stirring speed exerted the most significant influence on both
responses, followed by sodium alginate concentration.*’
The interaction between Tween 80 concentration and
stirring speed was found to be statistically significant,
indicating a  synergistic effect on formulation
characteristics. Analysis of the polynomial equations
revealed that sodium alginate concentration had a positive
effect on both particle size and entrapment efficiency,
whereas stirring speed exhibited a negative effect, with
increased stirring speed resulting in smaller particle size
and improved drug encapsulation. The optimization process
identified formulation F14 as the optimal batch, which was
subsequently validated and further characterized.*

The optimized formulation F14 exhibited desirable
physicochemical properties, including uniform particle size
distribution with an acceptable polydispersity index. The
zeta potential measurement confirmed excellent colloidal
stability, likely due to electrostatic repulsion mechanisms.
Drug loading and entrapment efficiency results
demonstrated successful encapsulation of SAE within the
alginate polymeric matrix. The in vitro drug release profile
exhibited biphasic kinetics, characterized by an initial burst
release followed by sustained release over time.*’ This
controlled release pattern was attributed to the cross-linked
alginate network structure, which facilitated the gradual
diffusion of the encapsulated extract. Swelling studies
revealed time-dependent water uptake capacity, which
positively correlated with sustained drug release.*®
Scanning electron microscopy confirmed a spherical
morphology with a smooth surface texture, while
transmission  electron  microscopy revealed the

characteristic cross-linked polymeric architecture essential
for efficient drug loading and controlled release. Stability
studies conducted according to ICH guidelines
demonstrated satisfactory storage stability, with minimal
variations in particle size, drug content, and entrapment
efficiency under both room temperature and accelerated
conditions.*

The neuroprotective efficacy evaluation in rotenone-
induced Parkinson's disease model provided compelling
evidence for the therapeutic potential of the developed
microsphere  formulation. Rotenone administration
significantly impaired motor functions, as evidenced by
reduced rotarod performance, increased cataleptic behavior,
and decreased locomotor activity compared to normal
control animals.’® Treatment with SAMS demonstrated
significantly superior therapeutic outcomes compared to the
pure extract (SAE) across all behavioral parameters. The
SAMS-treated animals exhibited marked improvement in
motor coordination, with significantly higher falling latency
compared to the extract-treated group. Similarly, cataleptic
latency was substantially reduced in the microsphere-
treated group, approaching near-normal values. Locomotor
activity assessments using the open field test and
actophotometer revealed significant restoration of
ambulatory behavior, with the SAMS group showing
markedly better performance than SAE.>!

Biochemical analysis of brain homogenates revealed
profound neuroprotective mechanisms underlying the
observed behavioral improvements. SAMS treatment
significantly restored antioxidant defense systems, with
catalase, GSH, and SOD activities substantially elevated
compared to the disease control group. Concurrently, the
lipid peroxidation marker MDA was significantly reduced,
indicating attenuation of oxidative stress-induced neuronal
damage.’? The superior efficacy of SAMS over the pure
extract was attributed to enhanced bioavailability,
prolonged circulation time, improved blood—brain barrier
penetration, and sustained release characteristics of the
microsphere formulation. These findings demonstrate that
SAMS represent a promising therapeutic strategy for
neurodegenerative  disorders,  offering  improved
pharmacokinetic profiles and enhanced neuroprotective
efficacy compared to conventional extract administration.>

CONCLUSION

The present investigation successfully designed and
optimized  Syzygium  aromaticum  extract-loaded
microspheres using a Box—Behnken design, achieving
optimal formulation characteristics, including a particle size
of 378.64 um, an entrapment efficiency of 83.66%, and
drug release of 89.92% at 12 hours. Comprehensive in vivo
evaluation in a rotenone-induced Parkinson’s disease model
demonstrated superior neuroprotective effects of the
microsphere formulation (SAMS) compared to the pure
extract (SAE). The formulation significantly improved
motor coordination, reduced catalepsy, enhanced locomotor
activity, and restored antioxidant defense systems, as
evidenced by increased catalase, GSH, and SOD levels
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along with reduced lipid peroxidation. The enhanced
therapeutic outcomes may be attributed to improved
bioavailability, better blood—brain barrier penetration, and
sustained release properties of the formulation, making it a
promising therapeutic candidate for the management of
neurodegenerative disorders. These encouraging findings
warrant further preclinical toxicity studies and clinical trials
to evaluate safety and therapeutic efficacy in humans,
facilitating the translation of this formulation into a viable
neuroprotective therapy.
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