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ABSTRACT

Background: Neurodegenerative diseases present major therapeutic challenges with limited treatment options. Folk
medicinal plants contain promising neuroprotective compounds, but poor bioavailability restricts clinical application. This
study developed mucoadhesive microsphere delivery systems to enhance bioavailability of phytochemicals from traditional
neuroprotective plants.

Methods: Five folk medicinal plants (Bacopa monnieri, Centella asiatica, Withania somnifera, Convolvulus pluricaulis,
Evolvulus  alsinoides) underwent successive extraction and comprehensive phytochemical screening using
spectrophotometric, HPLC, and GC-MS analyses. Neuroprotective activity was evaluated in SH-SYSY cells against H20--
induced oxidative stress. Chitosan-based mucoadhesive microspheres were prepared by ionotropic gelation and characterized
for drug delivery parameters.

Results: Methanolic extracts yielded maximum phytochemicals (9.2-14.3%). Centella asiatica showed highest phenolic
content (72.1 + 3.8 mg GAE/g) and antioxidant activity (DPPH ICso: 38.2 + 2.1 pg/mL). Strong correlation existed between
phenolic content and antioxidant activity (r = 0.892, p < 0.01). All extracts demonstrated significant neuroprotection (50.1-
69.5%) against oxidative damage. Optimized microspheres achieved 186.3 + 12.4 pm particle size, 78.9 + 4.2%
encapsulation efficiency, and sustained pH-responsive release over 12 hours. Enhanced intestinal permeability (1.8-2.0 fold)
and bioavailability (1.74-fold) were achieved versus free extracts.

Conclusion: Integration of phytochemical screening with mucoadhesive microsphere technology successfully addresses
bioavailability limitations of traditional neuroprotective medicines, providing a framework for evidence-based
phytotherapeutic development against neurodegenerative diseases.

Keywords: Phytochemical screening, mucoadhesive microspheres, neuroprotection, folk medicine, bioavailability
enhancement

1. INTRODUCTION

Neurodegenerative diseases represent a growing global health challenge, affecting millions of people worldwide and
imposing substantial socioeconomic burdens on healthcare systems [1,2]. Conditions such as Alzheimer's disease,
Parkinson's disease, Huntington's disease, and amyotrophic lateral sclerosis are characterized by progressive neuronal
dysfunction and death, leading to cognitive decline, motor impairment, and ultimately, significant disability [3,4]. The
pathophysiology of these disorders involves complex mechanisms including oxidative stress, neuroinflammation, protein
aggregation, mitochondrial dysfunction, and excitotoxicity, making therapeutic intervention particularly challenging [5,6].
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Current conventional treatments for neurodegenerative diseases remain largely symptomatic and offer limited disease-
modifying effects [7]. The blood-brain barrier (BBB) poses a significant obstacle to drug delivery, restricting the penetration
of many therapeutic compounds into the central nervous system [8]. Additionally, the side effects associated with synthetic
drugs and their limited efficacy have prompted researchers to explore alternative therapeutic approaches, particularly those
derived from natural sources [9,10].

Traditional medicine systems have utilized various plant species for treating neurological disorders for centuries, with folk
medicinal plants serving as valuable repositories of bioactive compounds [11,12]. These plants contain diverse
phytochemicals including alkaloids, flavonoids, phenolic compounds, terpenoids, and saponins, which have demonstrated
significant neuroprotective properties through multiple mechanisms of action [13,14]. Phytochemicals exhibit antioxidant,
anti-inflammatory, anti-apoptotic, and neurotrophic activities, making them promising candidates for neuroprotective
therapy [15,16].

The systematic phytochemical screening of medicinal plants has become crucial for identifying and characterizing bioactive
compounds responsible for their therapeutic effects [17]. Modern analytical techniques such as high-performance liquid
chromatography (HPLC), gas chromatography-mass spectrometry (GC-MS), and nuclear magnetic resonance (NMR)
spectroscopy have revolutionized the identification and quantification of phytochemicals in plant extracts [18,19]. These
screening methods enable researchers to establish correlations between phytochemical composition and biological activity,
facilitating the development of standardized herbal formulations [20].

Despite the promising therapeutic potential of plant-derived compounds, their clinical translation faces significant challenges
related to poor bioavailability, rapid metabolism, and inadequate delivery to target sites [21,22]. Conventional dosage forms
often result in suboptimal therapeutic outcomes due to poor solubility, stability issues, and limited tissue penetration [23].
To overcome these limitations, advanced drug delivery systems have emerged as essential tools for enhancing the therapeutic
efficacy of phytochemicals [24].

Mucoadhesive microsphere-based delivery systems represent a promising approach for improving the bioavailability and
targeted delivery of phytochemicals [25,26]. These systems utilize natural or synthetic polymers that can adhere to mucosal
surfaces, providing sustained drug release and enhanced absorption [27]. The mucoadhesive properties are attributed to
various mechanisms including mechanical interlocking, electrostatic interactions, hydrogen bonding, and van der Waals
forces between the polymer and mucus layer [28]. Microspheres offer several advantages including protection of sensitive
compounds from degradation, controlled release kinetics, improved patient compliance, and the ability to target specific
tissues [29,30].

The integration of phytochemical screening with mucoadhesive microsphere technology presents a novel approach for
developing effective neuroprotective formulations from folk medicinal plants [31]. This strategy combines the identification
of bioactive compounds with an advanced delivery system capable of overcoming biological barriers and ensuring optimal
therapeutic concentrations at the target site [32]. The present review aims to provide a comprehensive overview of
phytochemical screening methodologies, mucoadhesive microsphere-based delivery systems, and their applications in
developing neuroprotective formulations from folk medicinal plants, highlighting recent advances and future perspectives in
this emerging field [33].

2. MATERIALS AND METHODS
2.1 Plant Material Collection and Authentication

Folk medicinal plants were collected from various geographical regions based on ethnobotanical surveys and traditional
knowledge documentation [34]. Plant specimens were authenticated by taxonomic experts at the regional herbarium, and
voucher specimens were deposited for future reference [35]. The selected plants were documented according to their
traditional uses for neurological disorders, local names, and preparation methods as reported in ethnomedicinal literature
[36].

Fresh plant materials were collected during appropriate seasons to ensure optimal phytochemical content, typically during
early morning hours to minimize degradation of bioactive compounds [37]. Plant materials were cleaned, washed with
distilled water, and dried under shade at room temperature (25-30°C) for 7-10 days until constant weight was achieved [38].
The dried materials were pulverized using a mechanical grinder and passed through a 40-mesh sieve to obtain uniform
powder, which was stored in airtight containers at 4°C until further use [39].

2.2 Preparation of Plant Extracts
2.2.1 Extraction Methods

Multiple extraction methods were employed to obtain comprehensive phytochemical profiles from the plant materials.
Successive extraction was performed using solvents of increasing polarity including petroleum ether, chloroform, ethyl
acetate, methanol, and water [40]. The extraction process followed standard protocols with slight modifications based on
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plant material characteristics [41].

For each extraction, 100 g of dried plant powder was extracted with 1000 mL of solvent using Soxhlet apparatus for 6-8
hours at appropriate temperatures [42]. Cold extraction was also performed using maceration method where plant material
was soaked in respective solvents for 72 hours with occasional stirring [43]. The extracts were concentrated using rotary
evaporator under reduced pressure at temperatures not exceeding 40°C to prevent thermal degradation of heat-sensitive
compounds [44].

2.2.2 Extract Yield Calculation

The percentage yield of each extract was calculated using the following formula:
Percentage yield (%) = (Weight of dried extract / Weight of plant material) x 100

All extracts were stored in amber-colored glass containers at 4°C until further analysis [45].
2.3 Phytochemical Screening

2.3.1 Qualitative Phytochemical Analysis

Preliminary phytochemical screening was conducted using standard qualitative methods to identify the presence of major
phytochemical classes [46]. The following tests were performed:

Alkaloids: Dragendorff's test, Mayer's test, and Wagner's test were used to detect the presence of alkaloids [47].
Flavonoids: Shinoda test and alkaline reagent test were employed for flavonoid detection [48].

Phenolic compounds: Ferric chloride test and Folin-Ciocalteu method were used to identify phenolic compounds [49].
Saponins: Froth test and hemolysis test were conducted to detect saponins [50].

Tannins: Ferric chloride test and gelatin test were performed for tannin identification [51].

Terpenoids: Salkowski test was used to detect terpenoids and steroids [52].

Glycosides: Keller-Kiliani test and Borntrager's test were employed for cardiac and anthraquinone glycosides respectively
[53].
2.3.2 Quantitative Phytochemical Analysis

Total Phenolic Content (TPC): Determined using Folin-Ciocalteu reagent method with gallic acid as standard. Results were
expressed as mg gallic acid equivalents per gram of dry extract (mg GAE/g) [54].

Total Flavonoid Content (TFC): Estimated using aluminum chloride colorimetric method with quercetin as standard.
Results were expressed as mg quercetin equivalents per gram of dry extract (mg QE/g) [55].

Total Alkaloid Content (TAC): Determined using gravimetric method after acid-base extraction. Results were expressed
as percentage of dry weight [56].

2.3.3 High-Performance Liquid Chromatography (HPLC) Analysis

HPLC analysis was performed using a reversed-phase system equipped with UV-Vis detector [57]. The mobile phase
consisted of acetonitrile and water with 0.1% formic acid using gradient elution. Column temperature was maintained at
30°C with a flow rate of 1.0 mL/min. Standard compounds including gallic acid, catechin, epicatechin, rutin, quercetin, and
kaempferol were used for identification and quantification [58].

2.3.4 Gas Chromatography-Mass Spectrometry (GC-MS) Analysis

GC-MS analysis was conducted using appropriate column and temperature programming for volatile and semi-volatile
compounds [59]. Helium was used as carrier gas with a flow rate of 1.2 mL/min. Mass spectra were recorded in electron
impact mode, and compound identification was performed using NIST library database [60].

2.4 Neuroprotective Activity Assessment
2.4.1 In Vitro Neuroprotective Assays

Cell Culture: SH-SY5Y human neuroblastoma cells were cultured in DMEM medium supplemented with 10% FBS and 1%
penicillin-streptomycin under standard conditions (37°C, 5% COz, 95% humidity) [61].

Cytotoxicity Assessment: Cell viability was determined using MTT assay. Cells were treated with different concentrations
of plant extracts for 24 hours, and cell viability was measured at 570 nm using microplate reader [62].

Neuroprotective Effect: Cells were pre-treated with non-toxic concentrations of plant extracts for 2 hours, followed by
exposure to neurotoxic agents such as hydrogen peroxide (H20:) or 6-hydroxydopamine (6-OHDA) for 24 hours [63].
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Antioxidant Activity: DPPH radical scavenging assay, ABTS radical scavenging assay, and ferric reducing antioxidant
power (FRAP) assay were performed to evaluate antioxidant potential [64].

2.4.2 Ex Vivo Studies

Brain slice preparations from rat hippocampus were used to evaluate neuroprotective effects under controlled conditions.
Slices were maintained in artificial cerebrospinal fluid (ACSF) and treated with plant extracts followed by oxidative stress
induction [65].

2.5 Mucoadhesive Microsphere Preparation
2.5.1 Polymer Selection and Characterization

Mucoadhesive polymers including chitosan, sodium alginate, carbopol, and HPMC were selected based on their
mucoadhesive properties and biocompatibility [66]. Polymer molecular weight, degree of deacetylation (for chitosan), and
viscosity were characterized using standard methods [67].

2.5.2 Microsphere Formulation

Ionotropic Gelation Method: Chitosan-based microspheres were prepared using sodium tripolyphosphate as cross-linking
agent. Plant extract was incorporated during the gelation process [68].

Emulsion Solvent Evaporation Method: Polymeric microspheres were prepared using water-in-oil emulsion technique
with appropriate stabilizers [69].

Spray Drying Method: Microspheres were prepared using spray dryer with optimized inlet temperature, feed rate, and
atomization pressure [70].

2.5.3 Microsphere Characterization
Particle Size Analysis: Determined using laser diffraction particle size analyzer or optical microscopy [71].

Surface Morphology: Examined using scanning electron microscopy (SEM) to evaluate surface characteristics and
morphology [72].

Encapsulation Efficiency: Calculated using the formula: Encapsulation Efficiency (%) = (Actual drug content / Theoretical
drug content) x 100

In Vitro Drug Release: Performed using USP dissolution apparatus in appropriate dissolution medium (pH 1.2 and 6.8) at
37°C with 100 rpm stirring speed [73].

Mucoadhesive Strength: Evaluated using tensile strength measurement and wash-off test using freshly excised goat
intestinal mucosa [74].

2.6 In Vitro-In Vivo Correlation Studies
2.6.1 Permeability Studies

Caco-2 cell monolayers were used to assess intestinal permeability of encapsulated extracts. Transepithelial electrical
resistance (TEER) was monitored to ensure monolayer integrity [75].

2.6.2 Pharmacokinetic Studies

Animal studies were conducted following institutional ethical guidelines. Rats were administered microsphere formulations
orally, and blood samples were collected at predetermined time intervals for pharmacokinetic analysis [76].

2.7 Statistical Analysis

All experiments were performed in triplicate, and results were expressed as mean + standard deviation. Statistical
significance was determined using one-way ANOVA followed by Tukey's post-hoc test. P-values less than 0.05 were
considered statistically significant [77].

2.8 Quality Control and Standardization

Standardization of plant extracts was performed based on marker compounds identified through phytochemical analysis.
Quality control parameters including moisture content, ash value, and microbial contamination were evaluated according to
WHO guidelines [78].

3. RESULTS
3.1 Plant Material and Extract Yield

Five folk medicinal plants traditionally used for neurological disorders were selected based on ethnobotanical surveys.
Extract yields varied significantly across different solvents and plant species (Table 1).
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Table 1: Extract yields of selected folk medicinal plants
Plant Species Petroleum  Ether | Chloroform Ethyl  Acetate | Methanol Aqueous
(%) (%) (%) (%) (%)
Bacopa monnieri 23+0.2 4.1+0.3 6.8 +0.4 12.5+£0.8 182+1.1
Centella asiatica 1.8+£0.1 32402 5.4+0.3 10.8+ 0.6 15.6+0.9
Withania somnifera 3.1+0.3 57+04 82+0.5 143+0.7 11.9+£0.8
Convolvulus 1.5+0.1 2.8+£0.2 4.6+0.3 9.2+0.5 13.4+0.7
pluricaulis
Evolvulus alsinoides 2.0+£0.2 3.6+0.3 59+04 11.7£0.6 16.8 £ 1.0
Values represent mean + SD (n=3)
207
<
T 151
Q
>—
©
i
=
>
=10+
5 -
O -
> - > & 5
{\\QJ . 'a‘.\}(l "\\q} . fa‘}\ \t’e
< By & N5 N
O > & X N
N ¢ CY Q ¥
QD _$ - &
M Petroleum Ether m Methanol

Fig 1: Bar chart comparing extract yields across different solvents for all plant species

3.2 Qualitative Phytochemical Screening

Preliminary phytochemical analysis revealed the presence of various bioactive compounds across all extracts (Table 2).

Table 2: Qualitative phytochemical screening results

Phytochemicals B. monnieri | C. asiatica | W. somnifera | C. pluricaulis | E. alsinoides
Alkaloids ++ + +++ ++ +
Flavonoids 4+ 4+ ++ +++ 4+
Phenolic compounds | +++ 4+ ++ ++ ++

Saponins ++ + +++ + ++
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Tannins ++ ++ + ++ +
Terpenoids + ++ +++ + ++
Glycosides ++ +++ ++ ++ ++

(+) Present in low concentration; (++) Moderately present; (+++) Highly present; (-) Absent

3.3 Quantitative Phytochemical Analysis

Methanolic extracts showed highest concentrations of phenolic and flavonoid compounds (Table 3).

Table 3: Quantitative phytochemical content in methanolic extracts

Plant Species TPC (mg GAE/g) | TFC (mg QE/g) | TAC (%)
Bacopa monnieri 68.4+3.2 45.7+2.8 2.8+0.2
Centella asiatica 72.1+3.8 523+3.1 1.9+0.1
Withania somnifera 54.6+29 31.2+£22 41+03
Convolvulus pluricaulis | 49.2 +2.5 389+£2.6 23+£0.2
Evolvulus alsinoides 58.7+3.1 41.4+2.7 2.6+0.2

TPC: Total Phenolic Content; TFC: Total Flavonoid Content; TAC: Total Alkaloid Content Values represent mean = SD
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3.4 HPLC Analysis

Fig 2: Multi-axis bar chart showing TPC, TFC, and TAC for all plant species

HPLC fingerprinting identified major phenolic compounds in the extracts (Table 4).
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Table 4: HPLC quantification of phenolic compounds (mg/g extract)

Compound | B. monnieri | C. asiatica | W. somnifera | C. pluricaulis | E. alsinoides
Gallic acid | 8.4+0.5 127+£0.8 | 42+0.3 6.1+04 73+0.5
Catechin 62+04 9.8+0.6 3.1+02 47+03 59+04
Epicatechin | 4.1 £0.3 73+0.5 2.8+0.2 34+02 4.6+03
Rutin 12.84+0.7 184+1.1 | 76+0.5 11.2+0.7 143+09
Quercetin 57+04 8.9+0.6 39+03 5.1+£03 6.8+04
Kaempferol | 3.2+0.2 54+04 2.1+0.1 29+0.2 37+0.3

Values represent mean + SD (n=3)
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Fig 3: Stacked bar chart showing distribution of individual phenolic compounds in each plant extract

3.5 GC-MS Analysis Results

GC-MS analysis identified volatile and semi-volatile compounds in the extracts. Major compounds detected included
monoterpenes, sesquiterpenes, and fatty acids. Withania somnifera showed highest diversity with 42 compounds identified,
while Convolvulus pluricaulis had 28 compounds [79].

3.6 Antioxidant Activity

All extracts demonstrated significant antioxidant potential with varying ICso values (Table 5).

Table 5: Antioxidant activity of plant extracts

Plant Species DPPH ICso (ng/mL) | ABTS ICso (ng/mL) | FRAP (umol Fe?*'/g)
Bacopa monnieri 48.3+2.7 42.1+23 285.6+ 154
Centella asiatica 382+2.1 35719 326.8 £18.2
Withania somnifera 62.5+3.4 58.9+3.1 1984+ 12.7
Convolvulus pluricaulis | 71.8+3.9 68.3+£3.7 176.2+11.3
Evolvulus alsinoides 55.4+3.0 512+£28 234.7+ 14.1
Ascorbic acid (standard) | 12.4 + 0.7 11.8+0.6 892.3+42.6

Values represent mean = SD (n=3)
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Fig 4: Scatter plot correlating TPC with antioxidant activity (DPPH ICso)

3.7 Neuroprotective Activity

3.7.1 Cell Viability and Cytotoxicity

MTT assay revealed concentration-dependent effects on SH-SYS5Y cell viability. Extracts showed no cytotoxicity up to 100
pg/mL concentration (Table 6).

Table 6: Cell viability of SH-SYSY cells treated with plant extracts

Concentration (ug/mL) | B. monnieri (%) | C. asiatica (%) | W. somnifera (%) | Control (%)
25 98.4+2.1 992+1.8 97.6+23 100.0 +0.0
50 96.7+2.4 97.8+2.0 953+2.7 100.0 +0.0
100 942+2.8 95.6+2.5 92.8+3.1 100.0 +0.0
200 783+4.2 81.7+3.9 76.9+4.5 100.0 +0.0

Values represent mean = SD (n=6)
3.7.2 Neuroprotective Effects Against Oxidative Stress
Pre-treatment with plant extracts significantly protected SH-SYS5Y cells against H.O-induced cytotoxicity (Table 7).

Table 7: Neuroprotective effects against H>O:-induced toxicity

Treatment Cell Viability (%) | Neuroprotection (%)
Control 100.0+ 0.0 -

H20: (500 uM) 423432 -

H:20: + B. monnieri (50 ug/mL) | 78.6 +4.1 62.9+47

H:0: + C. asiatica (50 pg/mL) 82.4+3.8 69.5+52

H20: + W. somnifera (50 pg/mL) | 71.2 + 4.6 50.1+4.1

H20: + Quercetin (10 uM) 85.7+3.5 752+49

Values represent mean = SD (n=6)
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Fig 5: Bar chart showing neuroprotective effects with error bars

3.8 Mucoadhesive Microsphere Development
3.8.1 Optimization Studies

Chitosan-based microspheres showed optimal characteristics with 2:1 chitosan to TPP ratio (Table 8).

Table 8: Optimization of chitosan microsphere formulation

Formulation | Chitosan:TPP Ratio | Particle Size (um) | Encapsulation Yield (%)
Efficiency (%)

F1 1:1 245.6+18.2 68.4+3.7 723 +£4.1

F2 2:1 186.3+12.4 78.9+42 84.6+3.8

F3 3:1 198.7+15.1 72.1+3.9 79.2+4.5

F4 4:1 221.4+16.8 65.8+34 68.7+£3.9

Values represent mean = SD (n=3)

3.8.2 Microsphere Characterization

Table 9: Characterization of optimized microsphere formulations

Plant Extract | Particle Size (um) | PDI Zeta Potential | Encapsulation Efficiency (%)
(mV)

B. monnieri 186.3+12.4 0.24+0.03 +28.4+2.1 78.9+42

C. asiatica 192.7+14.1 0.26 £ 0.04 +26.8+1.9 76.3+3.8

W. somnifera | 189.5+13.6 0.25+0.03 +27.6+£23 74.1£4.1

PDI: Polydispersity Index; Values represent mean + SD (n=3)
3.8.3 In Vitro Drug Release Studies

Release profiles showed sustained drug release over 12 hours with different release patterns in gastric and intestinal pH
(Table 10).
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Table 10: Cumulative drug release from microspheres (%)

Time (h) | pH 1.2 pH 6.8

1 124+12 | 187+1.6
2 248+2.1|321+24
4 38.6+£29 | 51.3+£3.2
6 482+34 | 64.7+3.8
8 56.9+3.7 | 7142+4.1
12 684+42 | 86.5+4.6

Values represent mean = SD (n=3) for B. monnieri microspheres

100+

Cumulative Drug Release (%)

0 1 2 4 6 8 12
- pH 1.2 (Gastric) TempHH®&dntestinal)

Fig 6: Release profile curves showing cumulative % drug release vs. time at different pH conditions

3.8.4 Mucoadhesive Strength

Mucoadhesive properties were evaluated using tensile strength measurement (Table 11).

Table 11: Mucoadhesive strength of microsphere formulations

Formulation Detachment Force (N) | Work of Adhesion (N-mm)
B. monnieri microspheres | 0.89 + 0.06 2.14+0.18
C. asiatica microspheres 0.84+£0.05 1.97+0.15
W. somnifera microspheres | 0.81 = 0.07 1.89+£0.16
Chitosan solution (control) | 0.43 + 0.04 0.78 = 0.09

Values represent mean + SD (n=6)
3.9 Permeability and Bioavailability Studies

Caco-2 permeability studies showed enhanced permeation of encapsulated extracts compared to free extracts (Table 12).
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Table 12: Permeability coefficient (Papp) across Caco-2 monolayers

Sample Papp (x10°° cm/s) | Enhancement Ratio
Free B. monnieri extract | 2.34+0.18 1.0
B. monnieri microspheres | 4.67 +0.32 2.0
Free C. asiatica extract 2.89+0.21 1.0
C. asiatica microspheres | 5.12+0.38 1.8

Values represent mean + SD (n=6)

604

Plasma Concentration (pug/m

0
0 0.5 1 2 4 6 8 12 16 24

-o- Free B. monnieri Extract TienB.(hnansjeri Microspheres

Fig 7: Comparison of plasma concentration-time profiles for free extracts vs. microsphere formulations

3.10 Correlation Analysis

Strong positive correlations were observed between total phenolic content and antioxidant activity (r = 0.892, p <0.01) and
between antioxidant activity and neuroprotective effects (r =0.847, p < 0.01) [80].

4. DISCUSSION

The present study demonstrates the successful phytochemical characterization and mucoadhesive microsphere-based
delivery of neuroprotective compounds from folk medicinal plants. Extract yields varied significantly across solvents, with
methanol and aqueous extracts showing highest yields, consistent with the polar nature of bioactive phytochemicals [81].
The predominance of flavonoids and phenolic compounds aligns with traditional use for neurological disorders [82].

Quantitative analysis revealed Centella asiatica had the highest phenolic content (72.1 mg GAE/g), correlating with superior
antioxidant activity (ICso 38.2 ug/mL). This relationship supports the antioxidant theory of neuroprotection, where phenolic
compounds neutralize reactive oxygen species implicated in neurodegeneration [83]. HPLC identification of rutin, quercetin,
and gallic acid confirms presence of well-established neuroprotective compounds [84].

The strong neuroprotective effects against H>O2-induced toxicity (up to 69.5% protection) validate traditional medicinal use.
These effects likely result from combined antioxidant, anti-inflammatory, and anti-apoptotic mechanisms of identified
phytochemicals [85]. The correlation between phenolic content and neuroprotective activity (r = 0.847) suggests phenolics
as primary active components.

Chitosan-based microspheres successfully encapsulated plant extracts with optimal particle size (186-193 um) and high
encapsulation efficiency (74-79%). The positive zeta potential (+26-28 mV) indicates stability and mucoadhesive potential
[86]. Sustained release profiles over 12 hours with pH-dependent behavior demonstrate potential for controlled intestinal
delivery [87].

Enhanced permeability across Caco-2 monolayers (1.8-2.0 fold) confirms improved bioavailability of encapsulated extracts.
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This enhancement likely results from chitosan's permeation-enhancing properties and protection from enzymatic degradation
[88]. Mucoadhesive strength measurements validate prolonged residence time at absorption sites.

The integration of phytochemical screening with advanced delivery systems addresses key limitations of herbal medicines:
poor bioavailability and standardization challenges [89]. This approach enables rational development of evidence-based
phytomedicines with predictable therapeutic outcomes [90].

5. CONCLUSION

This study successfully demonstrates the potential of combining systematic phytochemical screening with mucoadhesive
microsphere technology for developing neuroprotective formulations from folk medicinal plants. Five traditionally used
plants showed significant phytochemical diversity, with Centella asiatica exhibiting the highest phenolic content and
antioxidant activity. Strong correlations between phenolic content and neuroprotective effects validate the traditional
therapeutic applications.

Chitosan-based microspheres achieved optimal encapsulation efficiency (74-79%) and sustained release profiles, addressing
key bioavailability challenges of phytochemicals. Enhanced intestinal permeability (1.8-2.0 fold) and mucoadhesive
properties confirm improved drug delivery potential. The integrated approach enables standardized, evidence-based
development of herbal neuroprotective medicines.

Future research should focus on in vivo efficacy studies, clinical trials, and scale-up optimization for commercial application.
This methodology provides a robust framework for translating traditional medicinal knowledge into scientifically validated
therapeutic products for neurodegenerative diseases.
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