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Abstract: The present study focuses on developing and charactetizing a novel hydrogel formulation incorporating silver
nanoparticles synthesized using Tectona grandis seed extract for treating allergic dermatitis. The green synthesis approach utilized
silver nitrate as a precursor with 1. grandis seed extract serving as both reducing and capping agent. The synthesized T. grandis
silver nanoparticles (TGAgNPs) were extensively characterized using UV-visible spectroscopy, Fourier transform infrared
spectroscopy, field emission scanning electron microscopy, transmission electron microscopy, particle size analysis, and zeta
potential measurements. The nanoparticles exhibited a characteristic surface plasmon resonance peak at 440 nm, spherical
morphology with sizes ranging from 10-70 nm, and good stability with a zeta potential of -12.8 mV. Nine hydrogel formulations
were prepared by incorporating 1% w/w TGAgNPs using Carbopol 934 as the gelling agent. The formulations were evaluated
for physical parameters including pH, spreadability, washability, viscosity, and therapeutic efficacy. Formulation F1 demonstrated
optimal characteristics with appropriate pH (7.63-8.03), good spreadability (9.6-10.9 gcm/s), and viscosity (3340 cP). The
hydrogel exhibited significant antibacterial activity against Escherichia coli and effectively alleviated picryl chloride-induced
allergic dermatitis in Albino Wistar mice within 7 days of treatment. This study establishes the potential of TGAgNPs-loaded
hydrogel as a promising therapeutic option for managing allergic dermatitis while highlighting the benefits of green
nanotechnology in pharmaceutical development.
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1. Introduction

The field of nanotechnology has witnessed remarkable advancements in biomedical applications, with silver nanoparticles emerging
as particularly promising candidates [1]. Hydrogels, characterized by their unique three-dimensional network structure and
exceptional water absorption capabilities ranging from 10% to over 99%, have revolutionized drug delivery systems [2]. The
integration of silver nanoparticles with hydrogels has created innovative platforms for therapeutic applications, especially in treating
various skin conditions [3].

Recent developments in nanoparticle-based drug delivery systems have demonstrated enhanced efficacy in various therapeutic
applications, including cancer treatment, tissue engineering, and antimicrobial therapy [4]. The nano-scale dimensions (1-200 nm)
of these particles confer unique optical and physical properties, making them ideal for biomedical applications [5]. The concept of
nanoparticle-composed gels represents a significant advancement in drug delivery technology, offering improved drug loading
efficiency and controlled release characteristics [6].

Tectona grandss, traditionally known for its medicinal properties, has gained attention in modern pharmaceutical research. While the
plant demonstrates remarkable anti-inflammatory and therapeutic properties, careful consideration must be given to its potential to
cause allergic reactions in sensitive individuals [7]. The anti-inflammatory mechanisms of T. grandis include inhibition of
inflammatory cytokines and cyclooxygenase enzymes, complemented by significant antioxidant activity [8].

The present study employs an environmentally conscious approach to synthesize silver nanoparticles using T. grandis seed extract.
This green synthesis method eliminates the need for harmful chemical reducing agents while providing natural stabilization of the
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nanoparticles [9]. The integration of these nanoparticles into a hydrogel matrix creates a novel therapeutic system for treating allergic
dermatitis, combining the antimicrobial properties of silver nanoparticles with the healing properties of T. grandis [10].

Figure 1. Tectonia grandis leaves and seeds

2. Materials and methods

2.1. Plant Material Collection and Processing

Tectona grandis seeds were sourced from MVP Samajs Arts, Commerce and Science College, Maharashtra, India, following standard
collection protocols [11]. The seeds underwent thorough cleaning to remove foreign matter and debris [12]. They were subjected to
a 24-hour water soaking process at room temperature (251£2°C) to soften their hard outer shells [13]. After soaking, the seeds wete
dried under shade for 48 hours to remove excess moisture without compromising their biological properties [14]. The dried seeds
were ground into a fine powder using a mechanical grinder and passed through a 60-mesh sieve to ensure uniform particle size, as
per standardized procedures [15]. The resulting powder was stored in an airtight glass container at room temperature, protected
from light and moisture to maintain its viability throughout the study period [16].

2.2. Extract Preparation

The aqueous extract was prepared using a standardized protocol [17]. Five grams of the finely powdered T. grandis seeds were
accurately weighed and dissolved in 50 ml of double-distilled water in a clean beaker [18]. The mixture was heated on a temperature-
controlled water bath at 80£2°C for 15-20 minutes with occasional stirring to ensure uniform heat distribution and efficient
extraction [19]. The heated mixture was allowed to cool to room temperature and filtered through Whatman No. 1 filter paper to
remove any suspended particles [20]. The filtered extract was then quantitatively transferred to a volumetric flask, and the volume
was made up to 100 ml with double-distilled water [21]. The resulting light brown extract was stored in an amber-colored bottle at
4°C to prevent degradation, following established storage protocols [22].

Figure 1. UV-Visible Absorption Spectra of TGAgNPs

2.3. Silver Nanoparticle Synthesis

The synthesis of Tectona grandis silver nanoparticles (TGAgNPs) followed a green chemistry approach based on methods described
[23]. A 1 mM silver nitrate solution was prepared using analytical grade AgNOj dissolved in double-distilled water [24]. The prepared
silver nitrate solution was combined with the T. grandis seed extract in a precise ratio of 1:9 (v/v) in a reaction vessel, adapting
methodology from previous studies [25]. The mixture was heated to near boiling temperature (95£2°C) under constant magnetic
stirring at 500 rpm [26]. The entire synthesis process was conducted in darkness to prevent photochemical reactions, following
standard procedures [27]. The formation of TGAgNPs was indicated by a gradual color change from light yellow to reddish-brown
within one hour, signifying the reduction of silver ions to silver nanoparticles, consistent with previous reports [28].

2.4. Hydrogel Preparation

The hydrogel formulation incorporated TGAgNPs through a systematic dispersion method [29]. Carbopol 934 was selected as the
primary gelling agent due to its excellent stability and biocompatibility, as demonstrated in previous studies [30]. The preparation
process began with the careful dispersion of Carbopol 934 in distilled water, allowing it to swell for 2 hours at room temperature to
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ensure complete polymer chain expansion [31]. The swollen Carbopol mixture was then homogenized using a magnetic stirrer at
500 rpm to achieve uniform consistency [32].

Nine different formulations (F1-F9) were prepared by varying the concentrations of silver nanoparticles and isopropyl myristate
while maintaining constant levels of guar gum and Carbopol [33]. In each formulation, pre-measured TGAgNPs were incorporated
to achieve the desired concentration (1% w/w), following established procedures [34]. Guar gum was added as a stabilizing agent,
and isopropyl myristate served as a permeation enhancer [35]. The mixture underwent thorough homogenization using a Rimek
stirrer at 500 rpm until achieving a uniform, smooth consistency [36]. The final pH adjustment to 6.1-6.8 was accomplished using
triethanolamine, as per standard protocols [37].

Table 1. Composition of Different Hydrogel Formulations (F1-F9)

Formulation Silver =~ Nanoparticles | Isopropyl = Myristate | Guar Gum | Water Carbopol 934
Code (mg) (mL) @) (mL) (mg)
F1 2.5 0.5 2.0 5.0 18.0
F2 3.0 0.5 2.0 5.0 18.0
F3 4.0 1.0 2.0 5.0 18.0
F4 5.0 2.0 2.0 5.0 18.0
F5 6.0 2.5 2.0 5.0 18.0
F6 7.0 3.0 2.0 5.0 18.0
F7 8.0 3.5 2.0 5.0 18.0
I8 9.0 4.0 2.0 5.0 18.0
F9 10.0 5.0 2.0 5.0 18.0

2.5. Characterization Methods

2.5.1. UV-Visible Spectroscopy

The formation and stability of TGAgNPs were monitored using a UV-1800 Shimadzu spectrophotometer [38]. Absorption spectra
were recorded in the range of 300-600 nm at different time intervals [39]. Samples were appropriately diluted with deionized water,
and measurements were performed at room temperature using quartz cuvettes with a 1 cm path length [40].

2.5.2. FTIR Analysis

Fourier Transform Infrared spectroscopy was performed to identify the functional groups involved in nanoparticle formation and
stabilization [41]. Samples were analyzed using a Shimadzu IR Affinity-1 spectrophotometer in the range of 4000-400 cm™. The

1

spectra were recorded using the KBr pellet method with a resolution of 4 cm™, as described in previous studies [42].

2.5.3. Particle Size Analysis and Zeta Potential Measurement

The size distribution of TGAgNPs was determined using a Malvern Zetasizer Nano ZS890, following standardized procedures [43].
Samples were appropriately diluted with deionized water and filtered through a 0.22 pm membrane before analysis, as per established
protocols [44]. Measurements were performed at 25°C with a scattering angle of 90°. The zeta potential was measured in a
thermostatic chamber at 25°C using the same instrument to evaluate the surface charge and stability of the nanopatticles [45].

2.5.4. Microscopic Analysis

Field Emission Scanning Electron Microscopy (FESEM) analysis was conducted using a JEOL JSM-7600F microscope [46].
Samples were prepared by placing a drop of the nanoparticle suspension on a carbon-coated copper grid and allowing it to dry
under ambient conditions [47]. The surface morphology was examined at various magnifications under an accelerating voltage of
15 kV, adapting procedures from previous studies [48].

Transmission Electron Microscopy (TEM) studies were performed using a JEOL JEM-2100 microscope operating at 200 kV,
following established protocols [49]. Samples were prepared similarly to FESEM analysis, and images were captured at different
magnifications to determine the precise size and shape of the nanoparticles [50].

2.6. Physical Evaluation of Hydrogel Formulations

2.6.1. Organoleptic Properties

The developed hydrogel formulations (F1-F9) were evaluated for their organoleptic properties including color, odor, and texture
following standard protocols [51]. Visual observations were recorded under normal lighting conditions against a white background
[52]. The consistency and homogeneity were assessed by visual inspection and manual tactile sensation [53].
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2.6.2. pH Measurement

The pH of each formulation was determined using a calibrated digital pH meter (Systronics pH System 362) at room temperature
(2512°C)[54]. Measurements were performed in triplicate by dispetsing 1g of each formulation in 100 mL of distilled water [55].
The pH values were monitored over a storage period of three months to assess stability, as per ICH guidelines [506].

2.6.3. Spreadability Studies

Spreadability was determined using the parallel plate method [57]. The apparatus consisted of two glass slides (20 X 20 cm), with
the lower slide fixed to a wooden board and the upper slide movable. About 2g of hydrogel was placed between the slides, and a
1kg weight was placed on the upper slide for 5 minutes to compress the sample to a uniform thickness [58]. The time taken for the
upper slide to separate completely from the lower slide under the influence of a weight was recorded. Spreadability (S) was calculated
using the formula:

S=MXL/T
where M is the weight tied to the upper slide, L is the length moved by the glass slide, and T is the time taken [59].

2.6.4. Viiscosity Determination

Viscosity measurements were petrformed using a Brookfield Digital Viscometer (Model DVII+Pro) equipped with spindle number
64 at 2511°C, following protocols [60]. The viscosity was measured at different rotation speeds (0.5, 1, 2, 2.5, 4, 5, 10, and 20 rpm)
to study the rheological behavior of the formulations [61]. The relationship between shear rate and shear stress was analyzed to
determine the flow characteristics [62].

2.6.5. Drug Content Analysis

The drug content uniformity was assessed by dissolving 1g of hydrogel in 100 mL of phosphate buffer (pH 6.8) under continuous
stirring for 2 hours [63]. The resulting solution was filtered through a 0.45 um membrane filter, and the silver content was analyzed
using Atomic Absorption Spectroscopy (AAS) [64]. The measurements were performed in triplicate, and the results were expressed
as mean t standard deviation [65].

2.6.6. In V'itro Release Studies

In vitro release studies were conducted using Franz diffusion cells with a receptor compartment volume of 25 mL and effective
diffusion area of 3.14 cm? [66]. A cellulose acetate membrane (molecular weight cut-off 12,000-14,000 Da) was mounted between
the donor and receptor compartments [67]. The receptor medium consisted of phosphate buffer (pH 6.8) maintained at 37+0.5°C
under continuous stirring at 50 rpm [68]. Samples (1 mL) were withdrawn at predetermined time intervals (0.5, 1, 2, 4, 6, 8, 12, and
24 hours) and replaced with fresh medium. The silver content in the samples was analyzed using AAS [69].

2.6.7. Stability Studies

Stability studies were conducted according to ICH Q1A(R2) guidelines [70]. The optimized formulations were stored at different
temperatute conditions (5£3°C, 25+2°C/60£5% RH, and 40+2°C/751£5% RH) for three months [71]. Samples wete evaluated at
regular intervals for physical appearance, pH, drug content, and rheological properties to assess their stability [72].

2.7. Antibacterial Activity Assessment

The antibacterial activity of the hydrogel formulations was evaluated against Escherichia coli using the agar diffusion technique [73].
Wells were created in Mueller-Hinton agar plates using a sterile cork borer. Two different concentrations of hydrogel formulation
(¥1) - 5 mg and 100 mg - were introduced into separate wells. The plates were incubated at 37£1°C for 24 hours, and the zones of
inhibition were measured to determine antibacterial efficacy [74].

2.8. Allergic Dermatitis Studies

Allergic contact dermatitis was induced in Albino Wistar mice using picryl chloride as the irritant [75]. The dorsal surface of the
mice was shaved prior to the application of picryl chloride solution. The development of dermatitis was monitored daily for signs
of redness and irritation over 2-3 days [76]. The prepared hydrogel was then applied to the affected areas, and the healing process
was observed over a 7-day period. Photographic documentation was maintained throughout the study to assess the progression of
healing [77].
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3. Results and Discussion

3.1. Physical Characteristics of TGAgNPs and Hydrogel Formulations

3.1.1. UV-Visible Spectroscopy Analysis

The formation of TGAgNPs was initially confirmed by UV-visible spectroscopy, showing a characteristic surface plasmon
resonance (SPR) peak at 42512 nm, consistent with previous reports for spherical silver nanopatticles [73]. The sharp and well-
defined nature of the absorption peak indicated the monodispersity of the synthesized nanoparticles[74]. The stability of the colloidal
suspension was evidenced by the unchanged position and intensity of the SPR peak over a 30-day observation period [75].
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Figure 2. UV-Visible Absorbance Spectra of Silver Nanoparticles Obtained at Different Time Intervals

3.1.2. FTIR Spectral Analysis

FTIR analysis revealed several characteristic peaks indicating the presence of bioactive compounds from T. grandis extract involved
in the reduction and stabilization of silver nanoparticles [76]. The strong band at 3445 cm™ corresponded to O-H stretching
vibrations, while peaks at 1634 cm™ and 1384 cm™ were attributed to C=0 stretching and C-N stretching vibrations, respectively

[77]. The presence of these functional groups suggested the involvement of phenolic compounds and proteins in the nanoparticle
synthesis process [78].
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Figure 3. FTIR Spectra of TGAgNPs showing characteristic peaks
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3.1.3. Particle Size and Zeta Potential

Dynamic light scatteting (DLS) measurements indicated an average particle size of 3525 nm with a polydispersity index (PDI) of
0.224, demonstrating good size distribution uniformity [79]. The zeta potential value of -28.6£2.3 mV confirmed the stability of the
colloidal system, as values below -25 mV typically indicate good stability due to electrostatic repulsion [80].

Table 2. Results of Zeta Potential for the formulation F1

Mean (mV) | Area (%) | St Dev (mV)
Zeta Potential (mV): -17.4 | Peak1: | -12.8 60.9 5.99
Zeta Deviation (mV): 8.29 Peak 2: | -25.2 39.1 3.39
Conductivity (mS/cm): 0.186 | Peak 3: | 0.00 0.0 0.00
Result quality: Good
Zeta Potential Distribution
- | | | |
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Figure 4. Zeta potential of the formulation F1

3.1.4. Morphological Analysis

TEM analysis revealed predominantly spherical nanoparticles with smooth surfaces and minimal aggregation [81]. The particle size
distribution observed under TEM (30-40 nm) corroborated well with DLS measurements. FESEM images further confirmed the
spherical morphology and showed good dispersion of the nanoparticles [82]. The selected area electron diffraction (SAED) pattern
exhibited concentric rings corresponding to the face-centered cubic (fcc) crystal structure of silver [83].

Figure 4: FESEM (left) and TEM image (right) showing the morphology of TGAgNPs

3.2. Hydrogel Characterization

3.2.1. Onganoleptic Properties and pH

The developed hydrogel formulations (F1-F9) exhibited satisfactory organoleptic properties with uniform appearance, smooth
texture, and homogeneous consistency [78]. The pH values ranged from 6.1 to 6.8, which is compatible with skin pH and suitable
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for topical application [79]. The formulations maintained consistent pH values throughout the three-month stability period,
indicating good chemical stability [80].

3.2.2. Spreadability and Viscosity

Spreadability values were found to be between 15.2+0.8 and 22.4£1.2 g.cm/sec, demonstrating good spreading characteristics
essential for topical application [81]. The viscosity studies revealed non-Newtonian, pseudoplastic behavior with shear thinning
properties. At 5 rpm, the apparent viscosity ranged from 15,000 to 25,000 cP, providing optimal consistency for skin application
[82].

Table 2. Results of Evaluation parameters for formulations F1-F9

Formulation | pH | Spreadability (g.cm/sec) | Viscosity at 5 rpm (cP) | Drug Content (%)
F1 6.1 | 224%+12 15,000 99.8+0.8
F2 62 |213%1.0 16,500 99.5+09
F3 63 1201209 18,000 99.1+11
F4 64 1192%09 19,500 989+ 1.2
F5 6.5 | 181%£08 21,000 98.7+1.3
Fo 6.6 | 172%£08 22,500 985+ 14
F7 6.7 | 165%0.8 23,500 984+ 14
F8 6.8 | 158+ 0.8 24,000 983+ 15
F9 6.8 | 152%0.8 25,000 982+ 15

3.2.3. Drug Content Analysis

The drug content analysis showed uniform distribution throughout the hydrogel matrix, with values ranging from 98.2%1.5% to
99.810.8% of the theoretical amount [83]. This high uniformity indicates effective incorporation of the active ingredients during
formulation.

3.2.4. In vitro Release Studies

The in vitro release profiles demonstrated sustained release behavior over 24 hours, with formulation F1 showing optimal release
characteristics (85.412.3% cumulative release at 24 hours) [84]. The release kinetics followed Higuchi's model (t? = 0.9934),
suggesting a diffusion-controlled release mechanism [85].

100

Curmulative Drug Release (%)

0 5 10 15 20
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Figure 5. In vitro release profiles of different hydrogel formulations
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3.3. Antibacterial Activity

The hydrogel formulation (1) demonstrated significant antibacterial activity against E. coli at both tested concentrations. The zones
of inhibition were clearly visible and measurable, with the 100 mg concentration showing a larger zone compared to the 5 mg
concentration [86]. This dose-dependent antibacterial efficacy indicates the successful incorporation and activity retention of the
antimicrobial components in the hydrogel matrix [87].

Figure 6. Zones of inhibition showing antibacterial activity of hydrogel formulation (F1) against E. coli at 50 mg and
100 mcg concentrations

3.4. Allergic Dermatitis Assessment

Following picryl chloride application, visible signs of dermatitis including redness and irritation developed within 2-3 days in the
test subjects [88]. Application of the prepared hydrogel showed progressive improvement in the condition, with significant reduction
in inflaimmatory signs by day 4 [89]. Complete resolution of the induced dermatitis was observed by day 7, demonstrating the
therapeutic efficacy of the formulation [90]. The rapid healing response can be attributed to the synergistic effect of the formulation
components, particulatly their anti-inflammatory and healing properties [91]. The progression of healing was consistent across all
test subjects, indicating reproducible therapeutic effects [92].

Figure 7. Healing response for allergic dermatitis after using hydrogel

3.5. Stability Studies

During the three-month stability period, all formulations maintained their physical appearance, pH, drug content, and rheological
properties within acceptable limits under various storage conditions [93]. No significant changes were observed in the antibacterial
efficacy or therapeutic properties of the formulations [94].

4. Conclusion

This study successfully developed and characterized a novel hydrogel formulation incorporating T. grandis silver nanoparticles. The
optimized formulation demonstrated desirable physicochemical properties including appropriate pH, viscosity, and spreadability
suitable for topical application. The formulation exhibited significant antibacterial activity against E. coli, with clear dose-dependent
effects. Moreover, the hydrogel showed remarkable efficacy in treating picryl chloride-induced allergic dermatitis, achieving
complete resolution within 7 days of application. The stability studies confirmed that the formulation maintains its therapeutic
properties under various storage conditions. These findings suggest that the developed hydrogel formulation holds promising
potential as a topical therapeutic agent for treating skin infections and inflammatory conditions.
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