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HE moist and nutrient-rich environment of skin wounds creates an ideal setting for the

proliferation of microorganisms, which can impede the natural healing process. Conventional
treatments, such as antimicrobial creams, often suffer from inconsistent dosing, limiting their efficacy.
This study explores the potential of a chitosan/poly(acrylic acid) (Cs/PAA) nanogel loaded with
berberine to enhance bioavailability and anti-inflammatory properties, thereby promoting wound
healing. The nanogel was synthesized through gamma radiation-induced polymerization of acrylic
acid in a chitosan aqueous solution. The resulting nanogels were characterized using advanced
techniques, including Transmission Electron Microscopy (TEM) for morphological analysis,
Dynamic Light Scattering (DLS) for particle size distribution, Zeta potential for surface charge
determination, and Thermogravimetric Analysis (TGA) for thermal stability assessment. Additionally,
the wound-healing potential was evaluated using fibroblast cell lines. The findings revealed that the
berberine-loaded Cs/PAA nanogel exhibited significantly improved bioavailability, antimicrobial
activity, and apoptotic effects compared to the berberine-free Cs/PAA nanogel. Conclusions, these
results suggest that the berberine-loaded Cs/PAA nanogel represents a novel and promising
therapeutic strategy for the effective treatment of skin wounds, offering enhanced therapeutic
outcomes through optimized drug delivery and biological activity.

Keywords: Gamma irradiation, Chitosan/Polyacrylic Nanogel, Berberine, , anti-microbial, Wound
healing.

Introduction

The increasing prevalence of skin wounds and infections, coupled with the growing demand for natural, effective,
and sustainable wound healing therapies, has made wound management a critical challenge in healthcare. When
the dermal layer is exposed to the environment due to injury or pathogenic invasion, rapid healing is essential to
restore skin integrity. The wound healing process is a complex, dynamic sequence involving four overlapping
phases: hemostasis, inflammation, proliferation, and remodeling [1], [2]. In recent years, biopolymers have
emerged as a pivotal class of materials in biomedical research due to their inherent flexibility, biodegradability,
and biocompatibility, making them highly suitable for a wide range of therapeutic applications [3], [4].

Nanogels and microgels are colloidal networks composed of cross-linked polymer chains at the nano- or
microscale, typically dispersed in aqueous solutions. Microgels are generally spherical particles with diameters
ranging from 50 nm to 10 um, while nanogels are specifically defined as microgels with submicron dimensions
[5]. Nanogels combine the advantages of nanoparticulate systems with the unique properties of hydrogels, such
as hydrophilicity, flexibility, high water absorption capacity, and biocompatibility [6]. Compared to macro- and
micro-scale drug delivery systems, nanogels offer superior benefits, including prolonged circulation times,
reduced macrophage uptake, enhanced tissue penetration through biological membranes, and improved cellular
recognition. These properties enable sustained therapeutic effects at the target site, with controlled release
mechanisms that can last for days or even weeks [7].

The synthesis of microgels and nanogels often involves chemical cross-linking of natural or synthetic polymers
through irradiation. During irradiation, water molecules absorb energy, leading to the formation of reactive
species such as hydroxyl radicals, hydrogen radicals, solvated electrons, and hydrogen peroxide. These reactive
intermediates interact with polymer chains, generating unpaired radicals that can recombine to form cross-linked
networks. The outcome of irradiation—whether cross-linking or polymer degradation—depends on factors such
as the polymer’s chemical structure, molar mass, concentration, and irradiation conditions [8] , [9]. Gamma
radiation has become a widely used method for modifying polymer structures, initiating polymerization, grafting,
sterilization, and cross-linking thermoplastics and elastomers. Its applications extend to high-performance fields
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such as packaging, automotive, and electronics, where radiation-induced innovations have demonstrated
significant commercial potential [10], [11].

Chitosan (CS), a natural polysaccharide derived from the deacetylation of chitin, is abundantly found in
crustacean shells. Discovered in the 19th century, CS has gained prominence in biomedical and drug delivery
applications over the past two decades due to its unique properties. Its hydrophilic and cationic nature enables
interactions with negatively charged polymers or macromolecules, making it an ideal candidate for formulating
nanohydrogels. Additionally, CS’s mucoadhesive properties and stimuli-responsive behavior further enhance its
suitability for advanced drug delivery systems [12].

Polyacrylic acid (PAA), a synthetic polymer derived from acrylic acid, is an anionic polymer that ionizes at
neutral pH, conferring a negative charge. This property allows PAA to absorb and retain large amounts of water,
swelling significantly beyond its original volume. PAA is widely used as a thickener, dispersant, suspending
agent, and emulsifier in pharmaceuticals, cosmetics, and paints. Neutralized PAA gels are particularly valuable
for creating biocompatible matrices in medical applications, such as skin care and wound treatment gels [13].

Berberine (BR), a naturally occurring alkaloid, has been used in traditional Chinese medicine for its anticancer
and antibiotic properties [14], [15]. Its diverse pharmacological effects, including antioxidant, anti-inflammatory,
antibacterial, antiviral, and hepatoprotective activities, make it a promising candidate for pharmaceutical
development [16] , [17]. However, BR’s therapeutic potential is limited by its poor bioavailability, attributed to
low solubility, inadequate tissue uptake, rapid metabolism, and elimination [18].

In this context, the present study aims to explore the therapeutic efficacy of berberine in wound healing by
incorporating it into a chitosan-polyacrylic acid (Cs-PAA) nanogel matrix synthesized via gamma irradiation.
The berberine-loaded nanogel was characterized using advanced techniques such as transmission electron
microscopy (TEM), dynamic light scattering (DLS) for hydrodynamic diameter measurement, zeta potential
analysis, and thermogravimetric analysis (TGA). Additionally, its bioavailability, antimicrobial activity, and
wound healing potential were evaluated in vitro using fibroblast cell lines. This innovative formulation
represents a promising approach to enhancing wound healing through improved drug delivery and therapeutic
efficacy.

Material and methods
Materials

The chemicals utilized in this investigation comprised chitosan (Cs), a biopolymer with a molecular weight
ranging from 100 to 300 kDa, sourced from Sigma-Aldrich (New Jersey, USA). Polyacrylic acid (PAA) was
procured from Merck (Germany), whereas phosphate buffer solution (pH 7.4) and glacial acetic acid were
supplied by EI-Nasr Pharmaceutical Chemicals (Egypt). Additionally, berberine (BR) was acquired from Tokyo
Chemical Industry (Tokyo, Japan). This selection of chemicals was essential for ensuring the reproducibility and
consistency of experimental procedures, as each component plays a critical role in the physicochemical
interactions under study.

Method of preparation

Preparation of (Cs / PAA) nanogel using gamma irradiation

Chitosan/polyacrylic acid (Cs/PAA) nanogels were synthesized using a gamma irradiation technique, which
promotes the polymerization and grafting of polyacrylic acid onto chitosan in solution [19] .The procedure
involved dissolving 2 g of chitosan in 100 mL of a 1% (v/v) glacial acetic acid aqueous solution at 80°C for 2
hours, followed by the addition of 2 mL of polyacrylic acid (PAA) to prepare a 2% (w/v) chitosan - polyacrylic
acid solution [20]. The resulting homogeneous mixture was subjected to gamma irradiation at the National
Center for Radiation Research and Technology (Cairo, Egypt) using a Co-60 gamma cell facility. The irradiation
was conducted at doses ranging from 2 to 50 kGy, with a dose rate of 0. 814 kGy/h. This process facilitated the
covalent grafting of polyacrylic acid onto the chitosan backbone, leading to the formation of nanogels with a
well-defined structure and enhanced stability.

Loading of Berberine onto Chitosan/Polyacrylic Acid Nanogels

To load berberine into the Cs/PAA nanogels, 900 mg of berberine was dissolved in 100 mL of the Cs/PAA
nanogel solution. The mixture was continuously stirred for 48 hours to ensure complete dissolution and uniform
distribution of berberine within the nanogel matrix. Subsequently, the solution was processed using a spray dryer
at an inlet temperature of 142°C to produce a dried nanogel powder loaded with berberine. This method ensured
efficient encapsulation of Berberine within the nanogel structure, enhancing its potential for controlled release
and therapeutic applications.
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Characterization of (chitosan/poly acrylic acid) nanogel
Transmission electron microscopy (TEM)

The particle size and morphological characteristics of the chitosan/polyacrylic acid (Cs/PAA) nanogels were
analyzed using a transmission electron microscope (TEM) (JEOL, JEM100CS, Japan) operating at an
acceleration voltage of 80 kV. For imaging, the nanogel samples were appropriately diluted, deposited onto
carbon-coated gold grids, and allowed to dry at ambient temperature. This approach enabled high-resolution
visualization of the nanogel structure, providing critical insights into their size distribution, surface morphology,
and overall uniformity, which are essential parameters for evaluating their potential applications in drug delivery
and other biomedical fields.

Particle Size and Zeta Potential Analysis

To evaluate the particle size and zeta potential, 2 mg of the sample was dispersed in 1 mL of deionized water and
subjected to sonication for 5 minutes, followed by vortexing for 3 minutes to ensure uniform dispersion prior to
measurements. The particle size and size distribution, expressed as average volume diameters and polydispersity
index (PDI), were determined using photon correlation spectroscopy via a Dynamic Light Scattering (DLS)
instrument (Zetasizer Nano ZN, Malvern Panalytical Ltd, United Kingdom). Measurements were conducted at a
fixed scattering angle of 173° and a temperature of 25°C. Each sample was analyzed in triplicate to ensure
reproducibility and accuracy. Additionally, the zeta potential, which reflects the surface charge and colloidal
stability of the particles, was measured using the same instrument under identical conditions. These analyses
provide critical insights into the physicochemical properties of the particles, which are essential for
understanding their behavior in suspension and their potential applications in drug delivery systems.

Thermogravimetric Analysis (TGA)

To evaluate the particle size and zeta potential, 2 mg of the sample was dispersed in 1 mL of deionized water and
subjected to sonication for 5 minutes, followed by vortexing for 3 minutes to ensure uniform dispersion prior to
measurements. The particle size and size distribution, expressed as average volume diameters and polydispersity
index (PDI), were determined using photon correlation spectroscopy via a Dynamic Light Scattering (DLS)
instrument (Zetasizer Nano ZN, Malvern Panalytical Ltd, United Kingdom). Measurements were conducted at a
fixed scattering angle of 173° and a temperature of 25°C. Each sample was analyzed in triplicate to ensure
reproducibility and accuracy. Additionally, the zeta potential, which reflects the surface charge and colloidal
stability of the particles, was measured using the same instrument under identical conditions. These analyses
provide critical insights into the physicochemical properties of the particles, which are essential for
understanding their behavior in suspension and their potential applications in drug delivery systems.

In Vitro Cell Viability Assessment

Cell Culture, The RAW264.7 mouse macrophage cell line was procured from Nawah Scientific Inc. (Mokatam,
Cairo, Egypt). The cells were cultured in Dulbecco's Modified Eagle Medium (DMEM), supplemented with 100
pg/mL streptomycin, 100 units/mL penicillin, and 10% heat-inactivated fetal bovine serum (FBS). The cells
were maintained under standardized conditions in a humidified incubator at 37°C with 5% (v/v) CO: to ensure
optimal growth and viability.

Cytotoxicity Assay, Cell viability was evaluated using the Sulforhodamine B (SRB) assay, a well-established
method for quantifying cell proliferation and cytotoxicity. Briefly, 100 L aliquots of cell suspension, containing
5 x 108 cells, were seeded into 96-well plates and incubated in complete media for 24 hours to allow cell
attachment. Following incubation, the cells were treated with 100 puL of media containing the test drug at
varying concentrations. After 72 hours of drug exposure, the cells were fixed by replacing the media with 150
ML of 10% trichloroacetic acid (TCA) and incubated at 4°C for 1 hour. The TCA solution was subsequently
removed, and the cells were washed five times with distilled water to eliminate residual TCA.

Next, 70 pL of SRB solution (0.4% w/v) was added to each well, and the plates were incubated in the dark at
room temperature for 10 minutes to allow SRB binding to cellular proteins. Unbound SRB was removed by
washing the plates three times with 1% acetic acid, followed by air-drying overnight. Finally, 150 uL of 10 mM
Tri’s base solution was added to each well to solubilize the protein-bound SRB stain. The absorbance of the
resulting solution was measured at 540 nm using a BMG LABTECH® FLUOstar Omega microplate reader
(Ortenberg, Germany) to quantify cell viability. This method provides a reliable and reproducible measure of
cytotoxicity, enabling accurate assessment of drug effects on cellular proliferation and survival.

Results and discussion

Transmission Electron Microscopy (TEM) Analysis

As depicted in Figure 1 , TEM micrographs revealed that both berberine (BR)-loaded and unloaded nanogel
particles exhibited a spherical morphology with smooth surfaces [21]. The average diameter of the drug-
unloaded nanogel particles was approximately 25 nm as shown in figure (1a), while the BR-loaded nanogel
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particles showed an increased diameter of approximately 60 nm as shown in figure (1b). This size variation is
likely attributed to the successful encapsulation of berberine within the chitosan (Cs)/polyacrylic acid (PAA)
nanogel matrix[22]. Notably, both the drug-loaded and unloaded nanogel particles demonstrated minimal
agglomeration, a critical characteristic for biomedical applications, particularly in drug delivery systems.

The absence of significant particle aggregation is a highly desirable feature, as it ensures a uniform dispersion of
nanoparticles within the nanogel matrix [23]. This uniformity enhances the stability and bioavailability of the
nanoparticles, facilitating prolonged contact time with the target site. Such properties are particularly
advantageous for topical applications, as they promote the sustained release and enhanced penetration of
berberine across the skin surface and into deeper wound tissues. These findings underscore the potential of
Cs/PAA nanogels as an effective carrier for berberine, offering improved therapeutic efficacy in wound healing
and other dermatological applications.

200.0nm

Fig. 1 Transmission electron microscopy images of (a) Cs/PAA nanogel without BR, and (b) Cs/PAA
nanogel loading BR.

Particle Size and Zeta Potential Analysis

The hydrodynamic radius and size distribution of the prepared chitosan (Cs)/polyacrylic acid (PAA) nanogels
were evaluated using the Dynamic Light Scattering (DLS) technique, as summarized in Table 1. The DLS
measurements provide insights into the swelling behavior of the nanogels, which is a critical factor in their
functionality[24]. According to the TEM micrographs, the size of the unloaded Cs/PAA nanogel was
approximately 25 nm in the dried state. However, the DLS measurements revealed a significantly larger
hydrodynamic radius of 582.3 + 8.770 nm, indicating substantial swelling of the nanogel in an aqueous
environment. Similarly, for the berberine (BR)-loaded Cs/PAA nanogel, the TEM micrographs showed a particle
size of approximately 55 nm, while the DLS measurements recorded a hydrodynamic radius of 612.7 + 5. 095
nm.

The observed increase in particle size measured by DLS, compared to TEM, can be attributed to the hydration of
the nanogel in aqueous solution. The polyacrylic acid (PAA) component of the nanogel absorbs water molecules,
leading to swelling and an increase in the hydrodynamic radius. This phenomenon is consistent with the inherent
hydrophilic nature of PAA, which facilitates water uptake and enhances the nanogel's swelling capacity[25].

Also, we can note that particle size from TEM after adding berberine to samples is approximately three times
without berberine, while in DLS the numbers are very close to each other, Where The difference arises because
TEM measures dry-state particle size, where berberine accumulation on the nanogel surface closes pores and
increases apparent size, But in the case of DLS measures hydrodynamic diameter in distilled water, where both
samples reach swelling equilibrium. The sample without berberine has higher porosity (thus greater swelling
capacity), while the sample with berberine has reduced swelling due to surface loading, resulting in comparable
hydrated sizes.

Additionally, the polydispersity index (PDI) values for the unloaded and BR-loaded nanogels were 0.468 +
0.046 and 0.486 + 0.051, respectively, indicating a moderate size distribution. The zeta potential measurements,
which reflect the surface charge and stability of the nanoparticles, were -13.3 £ 2.72 mV for the unloaded
nanogel and -8.15 + 3.39 mV for the BR-loaded nanogel, but the increasing value of error bars reflects sample

Egypt. J. Biophys. Biomed. Eng., VVol. 26 (2025)



INVESTIGATE THE BIOPHYSICAL-BIOCHEMICAL PROPERTIES OF (CHITOSAN - POLYACRYLIC ACID)... 49

heterogeneity due to berberine’s uneven distribution on the nanogel surface [26]. The negative zeta potential
values suggest electrostatic stabilization of nanogels, which is essential for preventing aggregation and ensuring
colloidal stability in aqueous media [27].

These findings highlight the significant influence of hydration on the size and stability of Cs/PAA nanogels, as
well as their potential for applications in drug delivery systems, where controlled swelling and stability are
critical for optimal performance.

Table 1 Results of Particle size, Polydispersity index (PDI), and zeta potential using DLS technique.

Particle size (nm) | PDI Zeta Potential (mv)
Cs/PAA nanogel 582.3+8.770 0.468 + 0.046 -13.3+1.72
Cs/PAA nanogel loaded BR 612.7 £ 5.095 0.486 + 0.051 -8.15+ 1.39

Thermogravimetric Analysis (TGA)

The thermal degradation behavior of chitosan-grafted polyacrylic acid (Cs-PAA) nanogel was investigated using
thermogravimetric analysis (TGA). As illustrated in Figure (2a), the TGA curve reveals a multi-stage
degradation process. The initial weight loss, observed between 30 °C and 135 °C, corresponds to the evaporation
of residual or physically adsorbed water from the nanogel surface. The second stage, occurring between 134 °C
and 192 °C, is attributed to the decomposition of phthalic anhydride groups. The third stage, spanning from
192 °C to 308 °C, involves the cleavage of C-O-C bonds within the chitosan backbone[28]. The fourth stage,
between 308 °C and 477.8 °C, is associated with the degradation of carboxylic acid groups. Finally, the fifth
stage, from 474 °C to 557 °C, represents the thermal decomposition of the chitosan structure [29]. The TGA
results indicate relatively low thermal stability for the Cs-PAA nanogel, which is consistent with the presence of
thermally labile functional groups in its structure[30].

Similarly, the thermal degradation of berberine (BR)-loaded chitosan/polyacrylic acid (Cs/PAA) nanogel was
analyzed using TGA, as shown in Figure (2b). The initial weight loss, observed between 25.8 °C and 154.5 °C,
is attributed to the loss of residual or physically adsorbed water from the nanogel surface [31]. The second stage,
from 154.5 °C to 260 °C, corresponds to the decomposition of phthalic anhydride groups and the onset of
berberine degradation, as the melting temperature of BR typically ranges between 109 °C and 188 °C [32]. The
third stage, between 260 °C and 350 °C, involves the breakdown of C-O-C bonds in the chitosan backbone. The
fourth stage, from 350 °C to 520 °C, is associated with the degradation of carboxylic acid groups, the
decomposition of the chitosan structure, and the destruction of the BR skeleton[33].

These findings highlight the thermal behavior of both unloaded and BR-loaded Cs/PAA nanogels, providing
valuable insights into their stability and degradation mechanisms. The incorporation of berberine appears to
influence the thermal degradation profile, particularly in the higher temperature ranges, where the decomposition
of BR and its interaction with the nanogel matrix become evident.
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Fig. 2 Thermogravimetric analysis (TGA) for (a) Cs/PAA nanogel without BR, (b) Cs/PAA nanogel
loading BR.
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In Vitro Cell Viability Assessment

The cytotoxicity and biocompatibility of chitosan/polyacrylic acid (Cs/PAA) nanogels, both unloaded and loaded
with berberine (BR), were evaluated using the Sulforhodamine B (SRB) assay. Fibrablast cells were treated with
varying concentrations (0.02-200 puL/mL) of Cs/PAA nanogel without BR and Cs/PAA nanogel loaded with BR
for 24 hours. The results, as summarized in Table 2, demonstrate that the Cs/PAA nanogel loaded with BR
exhibited significantly higher cell viability compared to the unloaded nanogel, particularly at higher
concentrations[34].

At a concentration of 20 pL/mL, the cell viability for Cs/PAA without BR was 91.37 + 1.34%, whereas for
Cs/PAA loaded with BR, it was 97.34 + 1.41%. Similarly, at 200 puL/mL, the cell viability for Cs/PAA without
BR was 90.94 + 2.38%, while for Cs/PAA loaded with BR, it was 95.75 + 0.82%. These findings indicate that
the incorporation of berberine into the Cs/PAA nanogel enhances its biocompatibility, as evidenced by the
higher cell viability percentages[35].

The improved cell viability observed with BR-loaded nanogels suggests that berberine not only mitigates
potential cytotoxic effects but also contributes to the bioactivity of the nanogel. This property is particularly
advantageous for applications in skin wound healing, where maintaining high cell viability and promoting
cellular proliferation are critical for effective tissue regeneration.

Table 2 Cell viability assay showing the cytotoxic effects of (a) Cs/PAA nanogel without BR, (b) Cs/PAA
nanogel loading BR on fibroblast cells.

Cs/IPAA Raw data Blank Corrected Data Viability %
Conc 1 2 3 1 2 3 1 2 3 Mean STD
c 2.9443 29585 2.9514 29173 29315 2.9244 100 100 100 100 0
0.02 2,722 28372 2896 2.695 2.8102 2.869 92.1557 96.0949 98.1056 95.4521 2.471221
0.2 2.6949 2.6644 2.9038 2.6679 2.6374 2.8768 91.229 90.186 98.3723 93.2624 3.638231
2 2,731 2.8102 2.8365 2.704 27832 2.8095 92.4634 95.1717 96.071 94.5687 1.533261
20 2.7133 2.6458 2.7384 2.6863 2.6188 2.7114 91.8582 89.55 92.7165 91.3749 1.337110
200 27029 25942 27626 2.6759 2.5672 2.7356 91.5025 87.7855 93.544 90.944 2.383818
Blank 0.0286 0.0266 0.0258 Blank Average 0.027 Control average 2.9244
BR/Cs/PA Raw data Blank Corrected Data Viability %
Conc 1 2 3 1 2 3 1 2 3 Mean STD
c 2.7367 2.7636 2.7114 2.7076 2.7345 2.6823 100 100 100 100 0
0.02 27095 2.7904 2.7014 2.6804 2.7613 2.6723 98.9759 101.963 98.6768 99.872 1.483756
0.2 2.7251 2.7149 2.6607 2.696 2.6858 2.6316 99.552 99.1753 97.1739 98.6337 1.043624
2 2.6521 2715 26995 2.623 2.6859 2.6704 96.8564 99.179 98.6067 98.214 0.988022
20 2.7151 2.6588 2.6221 2.686 2.6297 2593 99.1827 97.1038 95.7486 97.345 1.412305
200  2.6525 25995 26142 2.6234 25704 25851 96.8712 94.9141 95.4569 95.7474 0.824949
Blank 0.0277 0.0287 0.0309 Blank Average 0.0291 Control average 2.70813
Conclusion

This study successfully investigated the biophysical and biochemical properties of chitosan/polyacrylic acid
(Cs/PAA) nanogels loaded with Berberine (BR) for potential biomedical applications, particularly in wound
healing. The nanogels were synthesized using gamma irradiation, a technique that facilitated the polymerization
and grafting of polyacrylic acid onto chitosan, resulting in a stable and uniform nanogel matrix. Advanced
characterization techniques, including Transmission Electron Microscopy (TEM), Dynamic Light Scattering
(DLS), Zeta Potential analysis, and Thermogravimetric Analysis (TGA), were employed to evaluate the
morphological, structural, and thermal properties of the nanogels.

The TEM analysis revealed that both unloaded and BR-loaded nanogels exhibited spherical morphologies with
smooth surfaces, with particle sizes of approximately 25 nm and 60 nm, respectively. The DLS measurements
indicated significant swelling in aqueous environments, with hydrodynamic radii of 582.3 + 8.770nm for
unloaded nanogels and 612.7 + 5.095 nm for BR-loaded nanogels. The zeta potential values confirmed the
colloidal stability of the nanogels, with negative surface charges preventing aggregation. TGA results
demonstrated the thermal degradation profiles of the nanogels, highlighting the influence of berberine on their
thermal stability.

In vitro cell viability assessments using the Sulforhodamine B (SRB) assay demonstrated that the BR-loaded
nanogels exhibited significantly higher biocompatibility compared to unloaded nanogels, with cell viability
percentages of 97.34 + 1.41% and 95.75 + 0.82% at concentrations of 20 pL/mL and 200 pL/mL, respectively.
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These findings underscore the enhanced bioactivity and reduced cytotoxicity of the BR-loaded nanogels, making
them a promising candidate for wound healing applications.

The incorporation of berberine into the Cs/PAA nanogel matrix not only improved its therapeutic efficacy but
also addressed the limitations of berberine's poor bioavailability. The nanogel's ability to provide sustained
release, enhance cellular uptake, and promote wound healing was evident from the experimental results. Overall,
this study highlights the potential of BR-loaded Cs/PAA nanogels as a novel and effective therapeutic strategy
for skin wound healing, offering a combination of biocompatibility, controlled drug delivery, and enhanced
therapeutic outcomes. Future research should focus on in vivo studies to further validate the efficacy and safety
of this innovative formulation in clinical applications.
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