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Introduction: Chronic and acute wounds remain difficult to manage due to the inability of conventional dressings to provide
sustained delivery of poorly soluble bioactives such as a-mangostin. This study investigates the potential of a-mangostin (AMG)-
loaded chitosan/collagen nanoparticles (AMG-Ch/Coll NPs) incorporated into a hydrogel system for enhanced topical wound healing.
Methods: Nanoparticles were prepared by ionic gelation and characterized for particle size, zeta potential, morphology (SEM),
entrapment efficiency, and physicochemical interactions (FTIR, XRD, DSC). AMG solubility, including its apparent solubility in
AMG-Ch NPs and AMG—Ch/Coll NPs was quantified. Subsequently, hydrogels incorporating AMG, AMG—Ch NPs, AMG-Ch/Coll
NPs, and Ch—Coll NPs were formulated and evaluated for pH, spreadability, swelling ratio, and in vitro drug release. In vivo wound-
healing efficacy was further assessed using a rat excision model.

Results: Mean particle size increased from 297.10 £ 11.64 nm (AMG—Ch NPs) to 317.66 + 8.76 nm (AMG-Ch/Coll NPs) and 339.62
+ 6.43 nm (Ch—Coll NPs), indicating the influence of collagen on particle size. FTIR, XRD, and DSC analyses confirmed the
successful formation of amorphous nanoparticles with strong intermolecular interactions, contributing to enhanced structural stability
and solubility. A fourfold improvement in AMG solubility was observed in the nanoparticle formulations, which were subsequently
incorporated into hydrogel matrices and evaluated for topical application. All hydrogel (HG) formulations exhibited acceptable pH
values (6.50-6.98) suitable for skin application. AMG-Ch NPs-HG demonstrated superior spreadability, swelling ratio, and drug
release profiles, followed by AMG-Ch/Coll NPs-HG. Sustained AMG release was achieved, supporting prolonged bioavailability. In
vivo wound healing studies in rats revealed that AMG-Ch NPs-HG and AMG-Ch/Coll NPs-HG significantly accelerated wound
closure (99.28 £3.59% and 98.13 £3.26%, respectively, on day 21), outperforming AMG-HG (89.12 £2.58%), Ch/Coll NPs-HG
(88.95 + 3.14%), and the control group (79.84 £2.25%).

Conclusion: Overall, these findings highlight the synergistic advantages of AMG-loaded Ch/Coll NPs in hydrogel formulations as
a promising platform for enhanced topical wound healing.

Keywords: a-mangostin, ionic gelation, particle size, in vitro drug release, wound closure

Introduction
Wound healing is a dynamic and multifaceted biological process involving haemostasis, inflammatory, proliferative, and
remodelling phases.'” It involves various biological processes, including angiogenesis, collagen production, re-

epithelialization, and granulation tissue formation.” > However, the overall Effectiveness of wound healing management is
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largely dependent on the type of dressing method applied. Chronic diseases, such as diabetes and cardiovascular disorders,
have been shown to delay or impair the normal healing cascade by prolonging inflammation and reducing angiogenesis,
whereas autoimmune diseases can exacerbate tissue damage and hinder regeneration.® Although this study primarily
investigates an acute full-thickness wound model, recognizing these pathological variations emphasizes the necessity of
designing multifunctional and biocompatible dressing systems capable of adapting to various healing environments.”

The overall effectiveness of wound healing management is largely dependent on the type of dressing method applied.
Synthetic wound dressings have several limitations, including limited biodegradability, potential side effects, and
suboptimal therapeutic efficacy.®® These drawbacks have led to growing interest in alternatives based on bioactive
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compounds. In this context, natural compounds derived from medicinal plants are being widely explored for their

potential in promoting wound healing.'®'2

a-mangostin (AMG) is a natural compound with pharmacological properties
that support wound healing when applied topically.'* However, its clinical use is limited by poor water solubility and low
bioavailability, reducing its therapeutic efficacy. Nanoparticle-based drug delivery systems offer a promising solution by
improving solubility, stability, and targeted delivery of poorly soluble agents like AMG.'*'> These systems also protect
bioactive molecules from enzymatic degradation in the wound microenvironment and enable sustained drug release.
Recent advances in this field have been driven by the development of multifunctional nanocarriers that enhance
encapsulation efficiency and enable sustained release for both topical and transdermal applications.'® Advances in
nanoparticle engineering offer a stronger scientific foundation for the development of next-generation polymeric delivery
systems.'” Specifically, recent reviews have emphasized the promise of soft-matter nanocarriers, particularly nanopar-
ticle-based hydrogels, as versatile and efficient platforms for wound healing and topical drug delivery applications.'®
Building upon these advancements, this study investigates a polymeric nanoparticle-based hydrogel system incorporating
chitosan and collagen matrices to enhance the therapeutic efficacy of AMG in wound healing applications. Although
some studies have reported improved wound healing using AMG hydrogels formulated with 2-hydroxypropyl-B-

19 and nanostructured lipid carriers (NLCs),?° neither approaches involved polymeric nanoparticle-based

cyclodextrin
delivery systems. To date, the application of AMG-loaded polymeric hydrogel nanoparticles in wound healing has not
been reported. Incorporating AMG into such nanoparticle systems offers a dual advantage by improving the physico-
chemical properties and stability of the compound, as well as enabling localized and sustained drug release, which is
particularly beneficial in wound healing applications.?'

In this context, nanoparticles have been extensively investigated in the development of wound dressings, both as drug
delivery vehicles and as functional components that actively contribute to the healing process.**** Hydrogels are widely
recognized as effective wound dressing platforms due to their ability to retain moisture, facilitate gas exchange, and provide
sustained drug release.”**> However, pure hydrogels possess limitations, such as low mechanical strength and inadequate
drug retention, which can be effectively addressed by incorporating nanoparticle matrices into the hydrogel system. Natural
polymers are commonly applied in the preparation of nanoparticle-based hydrogels, and among these, chitosan has received
particular attention due to its biodegradability, biocompatibility, and ability to enhance haemostasis.*

Several studies have formulated chitosan-based nanoparticles hydrogels loaded with bioactive compounds such as
curcumin or Pterocarpus marsupium extract, which have demonstrated accelerated healing in both normal and diabetic
wound models.?” Similarly, curcumin-loaded chitosan nanoparticles incorporated into hydrogels have shown enhanced
healing in excisional wound models by improving drug solubility and local retention.”® Moreover, chitosan has been
reported to facilitate tissue regeneration through the modulation of inflammation, stimulation of fibroblast proliferation,
and promotion of collagen synthesis.”*~® Nevertheless, no studies have specifically reported the use of chitosan-based
polymeric nanoparticles for AMG in hydrogel formulations for wound healing applications.

Most existing research on chitosan polymer-based AMG nanoparticles has focused on improving their physicochemical
properties. Several studies have reported the formulation of chitosan-based AMG nanoparticles using various copolymers,
such as alginate,'> kappa-carrageenan,®' and Eudragit® $100.*% These copolymers not only function as stabilizers but also
serve as encapsulating agents to enhance the stability and effectiveness of the nanoparticles. However, based on the
literature review, the formulation of AMG-chitosan nanoparticles encapsulated with collagen has not yet been reported.

Collagen is a natural polymer that has been widely applied in therapeutic wound healing due to its favorable
rheological, structural, and physicochemical properties.®*** It also exhibits high biocompatibility and biodegradability,
along with the ability to promote cell adhesion, migration, and proliferation.*> However, native collagen hydrogels often
suffer from rapid degradation and poor mechanical strength, which limit their long-term clinical application.”> The
incorporation of collagen-based nanoparticle matrices into hydrogel systems represents a promising strategy to overcome
these limitations by improving stability and therapeutic efficacy.>® Recent studies have explored collagen-based nano-
particles in wound healing, including bioactive tilapia scale collagen nanoparticles*® and collagen nanoparticles coated
with macrophage membranes for treating multidrug-resistant bacterial infections.>’ Additionally, antimicrobial peptide—
loaded nanoparticle nanosheets have shown strong bioactivity in wound therapy.”® These findings underscore the
versatility of collagen-based nanoparticles in wound management.
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Therefore, the integration of AMG-chitosan nanoparticles encapsulated with collagen matrices into hydrogel systems
represents a promising strategy to enhance both the functional and therapeutic performance of wound dressings. In this
context, the present study aims to formulate AMG-loaded chitosan/collagen nanoparticles within a hydrogel system and
evaluate their wound healing potential. This innovative approach combines the bioactivity of AMG, the functional
properties of chitosan and collagen, and the delivery advantages of hydrogel matrices, offering a promising platform for
the development of advanced wound dressing technologies.

Materials and Methods

Materials

AMG was purchased from Chengdu Biopurify Phytochemicals (Sichuan, China). Chitosan (Ch, 300 kDa, 81% DDA)
was obtained from the PRINT-G Research Laboratory, Padjadjaran University, Indonesia. Collagen (Coll) was supplied
by PT Rasanya in Sidoarjo, Indonesia. Sodium tripolyphosphate, Carbopol 940, triethanolamine, propylene glycol, and
methylparaben were procured from Brataco (Semarang, Indonesia). All analytical grade solvents including 96% ethanol,
glacial acetic acid, and distilled water were provided by local suppliers. All other chemicals and reagents used in this

study were of analytical grade and were used as received.

Preparation of NPs (NPs)
Three Categories of NPs Were Synthesized as Detailed Below

(1) Preparation of AMG-chitosan nanoparticles (AMG-Ch NPs). The preparation of AMG-Ch NPs was executed via
the following steps: (Step #1), 200 mg of Ch powder was solubilized in 200 mL of 1% acetic acid ambient
temperature (25 °C). (Step #2) 20 mg of AMG powder was solubilized in 20 mL of 96% ethanol at room
temperature while stirring at 1500 rpm. (Step #3) The AMG solution was thereafter introduced dropwise into the
Ch solution via a micro-pump at a flow rate of 1.5 mL/min, while maintaining continuous stirring for 6 hours to
achieve homogeneity. (Step #4) A 1 mg/mL sodium tripolyphosphate (TPP) solution (40 mL) was prepared at
ambient temperature. (Step #5) The AMG/Ch mixture was incrementally introduced into the TPP solution while
maintaining continuous agitation overnight, leading to the creation of a suspension of AMG/TPP/Ch NPs.*’

(2) Preparation of AMG-loaded chitosan/collagen nanoparticles (AMG-Ch/Coll NPs). (Step #6) A 1 mg/mL Coll
solution (10 mL) was prepared in 1% acetic acid. The solution was agitated with a magnetic stirrer at ambient
temperature (25 °C) for 6 hours at a velocity of 800 rpm. (Step #7) The AMG/Ch NP suspension from Step #5
was gradually added dropwise to the Coll solution while maintaining continuous stirring overnight. This method
led to the creation of a suspension of AMG/TPP/Ch/Coll NPs;

(3) Preparation of chitosan-collagen nanoparticles (Ch-Coll NPs). The Ch solution formulated in Step #1 was
incrementally introduced dropwise into the TPP solution from Step #4 while maintaining magnetic stirring at
ambient temperature (25 °C) for a duration of 6 hours at a velocity of 800 rpm. Following the formation of the
Ch/TPP solution, it was gradually added dropwise into the Coll solution prepared in Step #6. The mixture was
continuously stirred overnight at room temperature to obtain a suspension of Ch/TPP/Coll NPs, as detailed in
Table 1.

All suspensions (AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs) underwent ultrasonication for 30 minutes to
decrease particle size and enhance dispersion uniformity. Subsequently, processing was conducted using a microvolume
flow titration technique, followed by drying into NP powder through spray pyrolysis at temperatures ranging from 80 °C,

with an airflow rate of 5 L/min.3'
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Table | NPs Formulation

Formulation AMG-Ch | AMG-Ch/Coll | Ch-Coll
a-mangostin (mg) 20 20 -
Chitosan (mg) 200 200 200
Sodium tripolyphosphate (mg) | 40 40 40
Collagen (mg) - 10 10

Note: Formulation ratios were optimized based on preliminary experiments (20 mg
AMG to 200 mg Ch) and previous studies by Muchtaridi et al'* and Yedi Herdiana et al*°
supporting the |:10 AMG:Ch ratio and 0.5:10 Coll:Ch ratio.

Characterization of NPs

Analysis of Particle Size and Zeta Potential

The particle size (PS) and zeta potential (ZP) of the NPs were measured using Dynamic Light Scattering (DLS) with
a Horiba Scientific SZ-100 instrument. Prior to measurement, the NP powder was dispersed in an aqueous medium,
diluted tenfold, and analyzed at room temperature.*

Scanning Electron Microscopy (SEM)

The surface morphology of the NPs was examined using scanning electron microscopy (SEM, SU3500; Hitachi, Tokyo,
Japan). Powders of AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs were placed on stubs using double sided
adhesive, coated with a thin carbon film, and then sputter coated with platinum for 30 seconds at 10 mA to enhance

conductivity. SEM images were acquired at an accelerating voltage of 10kV at selected magnifications.*'

Encapsulation Efficiency

The entrapment efficiency (EE) of AMG-Ch NPs and AMG-Ch/Coll NPs was determined using UV-VIS spectro-
photometry. Briefly, 25 mg of each NP sample was dispersed in ethyl acetate and centrifuged at 10000 rpm for 20
minutes.*? The resulting supernatant was collected, and its absorbance was measured at 245 nm to quantify the amount of
free AMG using a previously established standard calibration curve. The resulting sediment was then resuspended in
ethanol to determine the mass amount of AMG to find the encapsulated drug content. The calibration curve was
generated using serial dilutions of AMG in the concentration range of 2—10 pg/mL, with absorbance measured at
245 nm.* The entrapment efficiency was calculated using the following Equation (1):

M f the AMG in NP
Entrapment efficiency(%) = ali/sla(;s ofeAMG ul:ed 5x100 (1)

Fourier-Transform Infrared Spectroscopy (FTIR)

The molecular interactions between AMG, Ch, TPP, Coll, AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs were
analyzed using Fourier-transform infrared (FTIR) spectroscopy (model IR Prestige-21; Shimadzu, Kyoto, Japan). Spectra
were recorded over a wavenumber range of 4000-500 cm™ '+

X-Ray Diffraction (XRD)

The molecular structures of AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs systems were analyzed using X-ray
diffraction (XRD) with an X-pert MPD diffractometer (Rigaku International, Tokyo, Japan). The diffraction patterns
were recorded over a 20 range of 10°-60°, using a generator setting of 30 mA and 40kV. The same experimental
conditions were applied for the analysis of raw materials.**

Differential Scanning Calorimetry (DSC)
The thermal properties of all raw materials, AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs were evaluated using
differential scanning calorimetry (DSC-60; Shimadzu, Kyoto, Japan), and the data were analyzed using TA-60WS. The
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Table 2 Composition of HG Formulations

Composition AMG-HG | AMG-Ch AMG-Ch/Coll | Ch-Coll
NPs-HG NPs-HG NPs-HG

AMG (w/v) 0.125% - -

AMG-Ch NPs (w/v) - 0.125% -

AMG-Ch/Coll NPs (w/v) | - - 0.125%

Ch-Coll NPs (w/v) - - - 0.125%

Carbopol 940 (w/v) 0.75% 0.75% 0.75% 0.75%

Methylparaben (w/v) 0.15% 0.15% 0.15% 0.15%

Propylene glycol (w/v) 10% 10% 10% 10%

Triethanolamine (w/v) 0.75% 0.75% 0.75% 0.75%

Distilled water Up to 100% | Up to 100% | Up to 100% Up to 100%

Notes: Where AMG-HG: AMG-based HG; AMG-Ch NPs-HG: AMG-Ch NPs-based HG; AMG-Ch/Coll
NPs-HG: AMG-Ch/Coll NPs-based HG; Ch/Coll NPs-HG: Ch/Coll NPs-based HG.

measurements were performed over a temperature range of 30 to 300°C, at a heating rate of 20 °C/minute under
a nitrogen atmosphere.*’

Solubility Study

Each 60 mg sample of AMG, AMG-Ch NPs, and AMG-Ch/Coll NPs was dispersed in 25 mL of deionized water (Milli-
Q) and stirred at 120 rpm for 48 hours at 25 °C. After incubation, the suspensions were centrifuged at 10000 x g for
20 minutes (Hettich EBA 200), followed by filtration through a 0.45 um syringe filter.*® The concentration of AMG was
then analyzed using UV spectrophotometry at a wavelength of 245 nm.*’

Preparation of Hydrogel (HG)

The HG base was prepared by dispersing 0.75% w/v Carbopol 940 into 50% of the total volume of distilled water, which
had been preheated to approximately 70 °C to facilitate dispersion. The Carbopol was gradually sprinkled while stirring
continuously until a homogeneous dispersion was obtained. Subsequently, each of the formulations (AMG, AMG-Ch
NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs) at a concentration of 0.125% w/v was added into the base and mixed until
uniform. Methylparaben (0.15% w/v), propylene glycol (10% w/v), and triethanolamine (0.75% w/v) were then
incorporated gradually, and the mixture was stirred thoroughly to obtain a stable and homogeneous HG.?” The
composition of each formulation is shown in Table 2.

Characterization of HG

pH Evaluation

Each 1 g sample of AMG-HG, AMG-Ch NPs-HG, AMG-Ch/Coll NPs-HG, and Ch-Coll NPs-HG was dispersed in
25 mL of distilled water. A pH electrode was immersed in the dispersion for 10 minutes until a stable reading was
obtained. The pH measurements were carried out in triplicate for each formulation.*’

Spreadability
Each sample of AMG-HG, AMG-Ch NPs-HG, AMG-Ch/Coll NPs-HG, and Ch-Coll NPs-HG (0.5 g) was placed in the
middle of a petri dish, forming a circular area with an initial diameter of 2 cm. Another petri dish was then placed inverted
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on top, followed by the application of a 100 g weight for 1 minutes. The final diameter of the HG spread was subsequently
measured.*® The spreadability was calculated using the following formula (Equation 2) and expressed in g.cm/s.

ML
Spreadability (%) = T x100 )

Where S represents the spreadability of the gel (g.cm/s); M denotes the mass applied to the upper slide (g); L is the
distance moved by the slide (cm); and T is the time required for the upper slide to completely detach from the lower
slide (s).?’

Swelling Ratio
Each sample of AMG-HG, AMG-Ch NPs-HG, AMG-Ch/Coll NPs-HG, and Ch-Coll NPs-HG (0.5 g) was immersed in
50 mL phosphate-buffered saline (PBS) at pH 7.4 for 30, 60, 90, and 120 minutes at room temperature. The swelling
ratio was then calculated using Equation (3).

Ws — Wd
—_— X

Swelling Ratio(%) = Wd

100 3)

Where Wd represents the initial weight of the HG, and Ws indicates the weight of the HG after swelling at a specific time
.49
point.

In vitro Drug Release Studies

In vitro drug release studies of the prepared gel formulations were carried out using the dialysis bag method.*® A total of
0.1 g of each sample (AMG-HG, AMG-Ch NPs-HG, and AMG-Ch/Coll NPs-HG) was placed into individual dialysis
tubes (molecular weight 12,000 Da), each containing 20 mL phosphate-buffered saline (PBS). The sealed dialysis bags
were then immersed in 50 mL PBS (pH 7.4) in a beaker and the buffer was stirred continuously at 100 rpm at room
temperature. Aliquots of 2 mL were withdrawn from the release medium at predetermined time intervals and immedi-
ately replaced with an equal volume of PBS to maintain sink conditions. The amount of AMG released from each
formulation was quantified using UV-visible spectrophotometry at a wavelength of 245 nm.

In vivo Wound Healing Assay

The in vivo wound healing assay was conducted to evaluate the therapeutic efficacy of AMG-HG, AMG-Ch NPs-HG,
AMG-Ch/Coll NPs-HG, and Ch-Coll NPs-HG an animal model. All experimental procedures were approved by the
Ethics Committee of the Faculty of Medicine, Universitas Padjadjaran (approval no: 982/UN6.KEP/EC/2024). The
ethical considerations regarding animal experimentation were addressed following the 3R principles (reduction, refine-
ment, and replacement) to promote responsible and humane research practices.”’ Furthermore, these principles were
aligned with the 5 Freedoms framework for animal welfare, encompassing freedom from hunger and thirst, freedom from
discomfort, freedom from pain, injury, or disease, freedom from fear and distress, and freedom to express normal
behavior.’? The animals were anesthetized with ketamine (30 mg/kg body weight) and xylazine (3 mg/kg body weight)
prior to wound induction to minimize discomfort during the procedure.

The study was performed on Wistar strain rats (Rattus norvegicus) weighing between 290-350 g. A total of 25 rats
were used and randomly divided into five groups (n = 5 per group), namely: (1) control group (wounded animals
receiving no treatment), (2) AMG-HG group, (3) AMG-Ch NPs-HG group, (4) AMG-Ch/Coll NPs-HG group, and (5)
Ch/Coll NPs-HG group. Prior to the experiment, the animals were acclimatized under controlled environmental condi-
tions at 26 + 2°C. The dorsal region of each rat was shaved and disinfected with 70% ethanol, followed by the creation of
a full-thickness excisional wound (8 mm in diameter) using a sterile biopsy punch. Each HG formulation was applied
topically to the wound area once daily for 21 days at a dose of 50 mg per wound, and the wound was covered with
a sterile gauze after each application. Wound healing progression was evaluated on days 0, 7, 14, and 21 through
photographic documentation. The wound area was quantitatively measured using ImageJ software and the percentage of
wound closure was calculated using the following formula (Equation 4)."°
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Initial Wound Area — Residual Wound A
Wound Closure(%) = Ounlnitir:fWouzzl A“ria OuneATed « 100 )

Statistic

Data were presented as the mean =+ standard deviation (SD). Statistical comparisons were conducted using one-way
analysis of variance (ANOVA), followed by Tukey’s post-hoc test to evaluate differences between groups. A p-value of
less than < 0.05 was considered as statistically significant.>

Results

Characterization of NPs

Analysis of Particle Size (PS) and Zeta Potential (ZP)

The PS of AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs were 297.10 + 11.64, 317.66 + 8.76, and 339.62 + 6.43
nm, respectively. The ZP values were —26.17 = 0.63, —26.83 + 0.37, and —42.10 = 0.20 mV for AMG-Ch NPs, AMG-Ch
/Coll NPs, and Ch-Coll NPs, respectively (Figure 1).

SEM and Entrapment Efficiency (EE%)

The SEM images revealed that the synthesized NPs (AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs) exhibited
spherical morphology with no apparent agglomeration (Figure 2). The particles appeared well dispersed, with smooth to
mildly rough surfaces and minimal aggregation observed across all formulations. The EE of AMG-loaded NPs was
evaluated to compare the performance of different formulations. The AMG-Ch NPs exhibited an EE% of 90.52 + 1.47%,
while the AMG-Ch/Coll NPs showed a significantly higher value of 94.19 + 0.53%.

FTIR Analysis

The FTIR spectra of AMG, Ch, TPP, Coll, and all NP formulations (AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll
NPs) are presented in Figure 3, with detailed wavenumber assignments summarized in Table 3. The NP formulations
exhibited characteristic absorption bands corresponding to O—H stretching vibrations at 3294 cm™' (AMG-Ch NPs),
3288 cm ™' (AMG-Ch/Coll NPs), and 3300 cm ™' (Ch-Coll NPs), along with peaks in the range of 2942-2946 cm ' (C-H
stretching) and 1629-1640 cm ™' (C=0 stretching). Additional bands were observed for N-H bending (1561-1576 cm ™),
C—N stretching (~1375 cm '), and C—-O—-C stretching (~1150 cm ). Furthermore, distinct peaks around 1065-1067 cm !

Ch-Coll NPs

AMG-Ch/Coll NPs

Mean = 339 nm
ZP =-4210mV

AMG-Ch NPs

Mean =317 nm
ZP =-26.83mV

Mean = 297 nm
ZP =-2617mV

0 200 400 600 800 1000
Diameter (nm)

Figure | Particle Size (nm) and Zeta Potential (mV) of AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs.
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Figure 3 FTIR spectra of AMG, TPP, Ch, Coll, AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs.

were assigned to C—O stretching. A new band appearing at ~900 cm ™', attributed to P—O—P stretching, was evident in all
NP spectra.

XRD Analysis

The XRD analysis results are presented in Figure 4. The diffractogram shows that both AMG and TPP exhibit crystalline
patterns, as indicated by sharp diffraction peaks in the 20 range of 14°-32°. Ch displays a semi-crystalline pattern, with
a broad peak observed at a 20 angle of 29.33°, whereas Coll exhibits an amorphous pattern. The XRD profile of the
AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs also reveals an amorphous structure.

DSC Analysis
The DSC analysis results are presented in Figure 5. The thermogram of pure AMG shows a distinct sharp endothermic
peak at 178.78 °C, corresponding to its melting point (Tm), while TPP exhibits a characteristic endothermic peak at
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Table 3 Wave Number Positions in the FTIR Spectrum and the Respective Functional Groups

Material Wavenumber (cm™") Functional Groups Reference
Result Literature
a-mangostin 3417.01; 3245.78 | 3420.81 O-H stretch [31]
2961.54; 2911.21 | 2988.75; 2960.78 | C-H stretch
1639.12 1643.38 Cc=0
1451.18 1454.35 C-C
1198.69 1197.82 Orto-OCHj stretch
1049.61 1075.33 C-O-C stretch
Ch 3283.45 3509.54 O-H stretch and N-H stretch | [39]
2871.38 2894.24 C-H stretch
1638.71 1653.02 C=0
1586.89 1597 N-H bend
1421.30 1419.63 C-H bend
1375.53 1378.16 C-N
1149.69 1157.31 C-O-C stretch
1060.42 1079 C-O
TPP 1209.47 1211.32 V,sP=0 [31]
1124.37 1157.31 vsO-P=0
1076.41 1092.69 VasPO3
870.79 888.23 V,sP-O-P
Coll 3273.59 3290 O-H stretch dan N-H stretch | [54]
2935.81 2876 C-H stretch
1636.13 1639 Amide | (C=0)
1525.94 1550 Amide I (N-H)
1239.32 1242 Amide Il (C-N)
AMG-Ch NPs 3292.67 3509.54 O-H stretch and N-H stretch | [31,39]
2942.38 2894.24 C-H stretch
1629.85 1653.02 C=0
1576.72 1597 N-H bend
1378.41 1378.16 C-N
1153.87 1157.31 C-O-C stretch
1065.27 1079 C-O
904.55 888.23 V,sP-O-P

(Continued)
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Table 3 (Continued).

Material Wavenumber (cm™") Functional Groups Reference
Result Literature
AMG-Ch/Coll NPs | 3288.54 3509.54 O-H stretch and N-H stretch | [31,39]
2946.50 2894.24 C-H stretch
1640.15 1653.02 C=0
1570,09 1597 N-H bend
1374.34 1378.16 C-N
1151.81 1157.31 C-O-C stretch
1067.33 1079 C-O
908.73 888.23 V,sP-O-P
Ch-Coll NPs 3330.67 3509.54 O-H stretch and N-H stretch | [31,39]
2944.39 2894.24 C-H stretch
1638.03 1653.02 C=0
1561.85 1597 N-H bend
1376.41 1378.16 C-N
1151.81 1157.31 C-O-C stretch
1067.33 1079 Cc-O
900.43 888.23 VasP-O-P

112.90 °C, also corresponding to its Tm. In contrast, these sharp endothermic peaks are absent in the thermograms of
AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs, indicating that AMG and TPP were dispersed within the polymeric

matrices in an amorphous or molecularly encapsulated state rather than remaining as crystalline forms.
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Figure 4 XRD spectra of AMG, TPP, Ch, Coll, AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs.
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Figure 5 DSC thermograms of AMG, TPP, Ch, Coll, AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs.

Solubility Study

The solubility study demonstrated a significant enhancement in the solubility of AMG following NP formulation. Both
AMG-Ch NPs (12.97+1.63 pg/mL) and AMG-Ch/Coll NPs (12.88 +1.34 pg/mL) exhibited solubility values approxi-
mately four times higher than that of pure AMG (3.20 £2.05 pg/mL), with a statistically significant difference (p <0.05).
This enhancement in solubility may be attributed to the reduced PS and improved wettability of the NPs, which facilitate
better dispersion in aqueous media.

Characterization of HG

Formulation and pH Measurement of HG

The AMG, AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs were successfully formulated into HG systems. All
formulations were prepared in semisolid form using a consistent composition and fabrication procedure. Each HG exhibited
a distinct visual appearance, as shown in Figure 6A. The pH values of the HG formulations ranged from 6.50 to 6.98. The
measured values were AMG-HG (6.98 + 0.13), AMG-Ch NPs-HG (6.68 + 0.12), AMG-Ch/Coll NPs-HG (6.81 + 0.15), and Ch-
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Figure 6 (A) The visual appearance and (B) The spreadability values of various HG formulations. Results are expressed as mean * standard deviation (n = 5); *indicates
statistical significance at P < 0.05; **indicates significance at P < 0.01.
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Coll NPs-HG (6.50 + 0.11). All formulations thus exhibited pH values within the acceptable physiological range for topical
application. Statistical analysis revealed significant differences in pH values among certain formulations (p < 0.05). Specifically,
AMG-HG (6.98 + 0.13) exhibited a significantly higher pH compared to AMG-Ch NPs-HG (6.68 + 0.12) and Ch-Coll NPs-HG
(6.50 £ 0.11), whereas no significant difference was observed between AMG-HG and AMG-Ch/Coll NPs-HG (p > 0.05).

Spreadability Evaluation

The spreadability values of the HG formulations on days 1, 7, and 14 are presented in Figure 6B. On day 1, spreadability
values ranged from 6.33 to 7.08 g.cm/s, whereas on day 7 they ranged from 6.27 to 7.22 g.cm/s. On day 14, the values
ranged from 6.55 to 7.72 g.cm/s, with AMG-Ch NPs-HG exhibiting the highest spreadability (7.72 £+ 0.18 g.cm/s),
followed by AMG-Ch/Coll NPs-HG (7.14 + 0.19 g.cm/s), Ch-Coll NPs-HG (6.92 + 0.23 g.cm/s), and AMG-HG (6.55 +
0.20 g.cm/s). Statistical analysis revealed that AMG-Ch NPs-HG was significantly more spreadable than AMG-HG (p <
0.01), while both AMG-Ch/Coll NPs-HG and Ch-Coll NPs-HG also showed significantly higher spreadability compared
to AMG-HG (p < 0.05).

Swelling Ratio

The swelling ratio of AMG-Ch NPs-HG was the highest among all HG formulations, as shown in Figure 7A. All
formulations exhibited a progressive increase in swelling ratio from 30 to 120 minutes. At 120 minutes, AMG-Ch NPs-
HG showed the highest swelling ratio (33.43 + 0.85%), followed by AMG-Ch/Coll NPs-HG (31.56 + 1.14%), Ch-Coll
NPs-HG (30.35 + 1.08%), and AMG-HG (27.75 £ 1.26%). These results indicate that the presence of NPs, particularly
those loaded with AMG, enhanced the water absorption capacity of the HGs.

In vitro Drug Release

The in vitro release of AMG-Ch NPs-HG was the highest among all HG formulations, as shown in Figure 7B. All
formulations exhibited a progressive increase in drug release from 1 to 6 hours. At 6 hours, AMG-Ch NPs-HG
demonstrated the highest cumulative drug release (39.68+2.25%), followed by AMG-Ch/Coll NPs-HG
(35.41 £2.12%) and AMG-HG (12.34 + 1.86%).

The in vivo Wound Healing Assay
The wound closure rates were assessed for all treatment groups, as shown in Figures 8A and B. Figure 8A presents
representative wound images at days 0, 7, 14, and 21, while Figure 8B quantitatively illustrates the progression of wound
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Figure 7 (A) Swelling ratio of AMG-HG, AMG-Ch NPs-HG, AMG-Ch/Coll NPs-HG, and Ch-Coll NPs-HG; (B) in vitro release of AMG-HG, AMG-Ch NPs-HG, and AMG-
Ch/Coll NPs-HG.
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Figure 8 (A) Representative wound closure images taken on days 0, 7, 14, and 21 after treatment illustrate the progression of the healing process over time of (1) control
group, (2) AMG-HG group, (3) AMG-Ch NPs-HG group, (4) AMG-Ch/Coll NPs-HG group, and (5) Ch/Coll NPs-HG group; (B) Percentage of wound closure measured on
days 7, 14 and 21, illustrating the comparative healing progression among the same treatment groups. Results are expressed as mean * standard deviation (n = 5); * indicates
statistical significance at P < 0.05; **indicates significance at P < 0.01; ***indicates significance at P < 0.001.

closure over time for all treatment groups. After 21 days, the control group showed the slowest closure rate
(79.84 +2.25%), while AMG-HG achieved a moderate improvement (89.12 +2.58%). The AMG-Ch NPs-HG and AMG-
Ch/Coll NPs-HG groups exhibited the fastest rates (99.28 +3.59% and 98.13 £ 3.26%, respectively). Ch/Coll NPs-HG
showed a comparable effect to AMG-HG (88.95 + 3.14%). These results suggest that the incorporation of AMG in NP-
based HGs, particularly AMG-Ch NPs-HG and AMG-Ch/Coll NPs-HG, significantly enhanced the wound healing
process.

On day 7, both the AMG-Ch NPs-HG (55.43 £ 2.43%) and AMG-Ch/Coll NPs-HG (54.17+ 2.32%) groups exhibited
significantly greater wound closure compared to the control (30.75 £ 2.14%) (P < 0.001), AMG-HG (42.73 + 2.27%),
and Ch/Coll NPs-HG (40.68 + 2.04%) groups (P < 0.01), although the difference between AMG-HG and Ch/Coll NPs-
HG was not statistically significant (P > 0.05). By day 14, the AMG-Ch NPs-HG (92.55 + 2.64%) group demonstrated
a significantly higher wound closure rate than the AMG-Ch/Coll NPs-HG (87.65 £ 2.73%) group (P < 0.05), as well as
the AMG-HG (74.15 + 3.12%) and Ch/Coll NPs-HG (72.74 £ 2.45%) groups (P < 0.01), and the control group (65.70 £
2.62%) (P <0.001). On day 21, the AMG-Ch NPs-HG group continued to show superior wound closure compared to the
control (P < 0.001), AMG-HG, and Ch/Coll NPs-HG groups (P < 0.01), while no statistically significant difference was
observed between the AMG-Ch NPs-HG and AMG-Ch/Coll NPs-HG groups (P > 0.05). Overall, these results underscore
the consistent effectiveness of both AMG-Ch NPs-HG and AMG-Ch/Coll NPs-HG in accelerating wound healing, with
their advantages over AMG-HG and Ch/Coll NPs-HG becoming increasingly evident over time. These findings support
the potential of both formulations as promising therapeutic agents for the treatment of full-thickness excisional wounds in
rats.

Discussion

The present study aims to formulate AMG-loaded Ch/Coll NPs within a HG system and evaluate their wound healing
potential. PS plays a crucial role in determining the effectiveness of drug delivery systems for wound healing applica-
tions. NPs, especially those within the 20-500 nm range, represent a promising approach to addressing the complex
physiological processes of wound healing by enhancing the wound microenvironment, supporting hemostasis, and
promoting tissue regeneration.’® Their nanoscale size enables targeted delivery to the wound site, offering a clear
advantage over larger particles. In line with this consideration, AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs
were selected for further characterization and evaluation of their wound healing potential.
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Accordingly, the PS of each formulation was measured to assess its suitability for topical administration. A gradual
increase in PS was observed, from 297.10+ 11.64 nm in AMG-Ch NPs to 317.66 +8.76 nm in AMG-Ch/Coll NPs and
339.62+6.43nm in Ch-Coll NPs. This enlargement is primarily attributed to physical and structural factors arising
during the ionic gelation process. Coll, which contains carbonyl groups (C=0) within its carboxyl functional groups, can
form hydrogen bonds with the protonated amine groups (NH) of Ch, thereby adding structural complexity to the
polymeric network. Moreover, the presence of Coll may impair the cross-linking efficiency between the phosphate
groups of TPP and the amine groups of Ch due to charge competition or increased molecular crowding.”®

In addition, the incorporation of Coll may reduce the degree of Ch protonation due to charge redistribution, resulting
in a lower overall surface charge. This reduction in electrostatic repulsion can facilitate NP aggregation, particularly in
Ch-Coll NPs, which lack AMG as a hydrophobic stabilizing agent.?” In contrast, hydrophobic interactions between AMG
and the Ch matrix in AMG-Ch/Coll NPs may enhance colloidal stability. Larger PS are associated with a decreased
specific surface area, which may lead to reduced aqueous solubility of the drug.”® As solubility is a key factor influencing
the availability of active compounds in topical applications, precise control of PS is essential to enhance drug solubility
and ensure optimal therapeutic performance.”

The ZP values were —26.17+0.63mV for AMG-Ch NPs, —26.83+0.37mV for AMG-Ch/Coll NPs, and
—42.10+0.20 mV for Ch-Coll NPs. The similarity in ZP values between AMG-Ch and AMG-Ch/Coll NPs suggests
that the addition of Coll at a low ratio (10:0.5, Ch/Coll) did not disrupt the electrostatic environment of the NPs. This
indicates that Coll contributed to the overall surface characteristics in a manner that helped maintain charge stability,
alongside Ch and AMG. Formulations exhibiting a ZP of at least £30 mV are generally considered electrostatically stable
and provide an energetically favorable particle surface for drug—molecule interactions.’® Therefore, the ZP values of
approximately —26 mV in AMG-Ch and AMG-Ch/Coll NPs indicate the presence of repulsive forces between similarly
charged particles, which help prevent aggregation during storage or application. This level of surface charge is sufficient
to maintain good dispersion and provides an energetically favorable interface for drug adsorption.®' In contrast, the more
negative ZP observed in Ch-Coll NPs (—42.10 mV) may reflect increased surface exposure of Coll’s polar groups in the
absence of AMG. This condition likely reduces the overall positive charge density, which mainly originates from the
protonated amine groups (NH) of Ch, and promotes the adsorption of anionic species from the surrounding medium.®*
Although Ch is typically cationic in acidic media, the observed negative charges can be explained by the presence of
anionic phosphate groups from TPP and carboxyl groups of Coll, which dominate the nanoparticle surface during ionic
gelation. Moreover, the measurements were performed near neutral pH, at which the protonation degree of Ch is reduced,
allowing these anionic groups to predominate at the interface. These combined effects account for the negative surface
charge observed in our NP formulations.®®

These differences in surface charge characteristics were further supported by morphological observations using SEM.
The SEM images showed that AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs exhibited spherical morphology with
slightly rough surfaces, suggesting a porous structure. This porosity, along with minimal agglomeration, indicates the
formation of well-dispersed Ch-based NPs with high surface area, beneficial for drug loading, interaction with biological
media.®**> The high %EE observed in the AMG-Ch/Coll NPs formulation may be attributed to the additional binding
sites and interactive domains provided by Coll, which can facilitate better encapsulation of AMG within the polymeric
matrix.®® The presence of both Ch and Coll likely forms a more integrated and compact polymeric network, thereby
minimizing drug leakage during NP formation and enhancing drug retention.®” These findings highlight the influence of
polymer composition on particle stability and encapsulation efficiency, warranting a comparative assessment with similar
NP-based HG systems reported in recent studies.

Compared with recently reported NP-based HG wound dressings, the developed AMG-Ch and AMG-Ch/Coll NPs
fall within the typical nanometric range and exhibit surface charges supportive of colloidal stability. Previous polymeric
NP systems have primarily employed polysaccharide-based matrices such as chitosan/alginate (Ch/alginate) for AMG
encapsulation. For instance, Muchtaridi et al (2023)'* reported AMG-loaded Ch/alginate NPs prepared at a 10:0.5 (Ch:
alginate) ratio, exhibiting a PS of 374 nm and a ZP of +45.7 mV, indicating a stable cationic dispersion and efficient drug
entrapment. In contrast, our formulation incorporated Coll at the same polymeric ratio (10:0.5, Ch:Coll), yielding AMG—
Ch and AMG-Ch/Coll NPs with smaller PS (297.10 + 11.64 nm and 317.66 + 8.76 nm, respectively) and stable negative
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surface charges (—26.17 £ 0.63 mV and —26.83 + 0.37 mV, respectively). This shift in surface potential and nanoscale
dimensions suggests enhanced colloidal stability of the NPs, supporting their compatibility within the HG matrix. At the
NP level, the system achieved an encapsulation efficiency (EE) of 94.19 + 0.53%. Furthermore, Nguyen et al (2024)
fabricated polycaprolactone (PCL) membranes coated with curcumin—Ch NPs and gelatin for wound dressing applica-
tions, showing a curcumin EE of 88.7%, a PS of 102 nm, and a ZP of —35.6 = 2.8 mV, indicative of stable nanoscale
dispersion and strong polymer—drug interactions.®® Similarly, Chanmontri et al (2025) developed a quaternized Ch/
oxidized pectin HG incorporating AMG—-cyclodextrin inclusion complexes, exhibiting remarkable cytocompatibility,
potent antioxidant activity, and superior wound-healing efficacy.®” These findings highlight the therapeutic relevance of
AMG-loaded polymeric HGs and support the continued optimization of delivery systems for sustained bioactive release.
In comparison, the AMG—Ch and AMG—Ch/Coll NP-HG formulations developed in this study offer additional advan-
tages through nanoscale encapsulation, which enhances colloidal stability and promotes accelerated tissue repair. To
further substantiate the structural integrity and confirm the intermolecular interactions underlying these physicochemical
characteristics, FTIR analysis was subsequently performed.

The FTIR spectra of AMG, Ch, TPP, Coll, AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs confirmed the
successful formation of NPs through ionic gelation and intermolecular interactions. The NP formulations exhibited
characteristic O—H stretching bands around 3294 cm ' (AMG-Ch NPs), 3288 cm ' (AMG-Ch/Coll NPs), and 3300 cm '
(Ch-Coll NPs). This shift and broadening suggest enhanced hydrogen bonding between the polymer matrix and the active
compound. Minor shifts were also evident in the C—H stretching region (2942-2946 cm™ ') in AMG-Ch NPs, AMG-Ch
/Coll NPs, and Ch-Coll NPs, corresponding to the alkyl chains in Ch and Coll. A strong absorption band in the range of
1629-1640 cm ' was assigned to C=O stretching, overlapping with N-H bending (1561-1576 cm™ '), indicating the
involvement of both carbonyl and amine groups in the crosslinking process.®®

The C-N stretching (~1375 cm'), asymmetric C-O-C stretching (~1150 cm™'), and C-O stretching
(1065-1067 cm ') bands remained visible, confirming the preservation of Ch’s primary functional groups.

Importantly, the appearance of a distinct band at ~900 cm™'

in all NP formulations, which was absent in pure Ch and
Coll, corresponds to P—O—P stretching vibrations.>* This confirms the formation of phosphate bridges between TPP and
the protonated amine groups of Ch/Coll, validating the ionic gelation mechanism. Collectively, these spectral features
demonstrate both intermolecular and intramolecular interactions that contribute to the structural stability of the NPs.
Furthermore, the spectral shifts and broadening of characteristic bands in AMG-Ch NPs and AMG-Ch/Coll NPs,
compared with pure AMG, indicate the successful incorporation of AMG into the NP matrix through intermolecular
interactions with the polymer components.

The FTIR findings were complemented by XRD analysis to gain further insight into the internal structure and
physical state of the NPs. The XRD diffractograms of AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs show
a predominantly amorphous pattern, indicating a Transformation from the semicrystalline or crystalline phase to an
amorphous phase of the raw material.””’" The absence of AMG’s characteristic crystalline peaks in the diffractogram
suggests a homogencous distribution of the compound within the NP matrix and successful encapsulation within the
nanoreservoir structure.*' In addition, the alteration of Ch’s semicrystalline nature is presumed to result from interactions
or modifications involving its hydroxyl and amine groups, thereby promoting the formation of amorphous complexes
with the polymer encapsulant.’?

These structural transitions were further confirmed by the DSC thermogram, which exhibited distinct endothermic
peaks at 178.78 °C for AMG and 112.90 °C for TPP.”* In contrast, Ch displays a glass transition pattern, indicative of its
amorphous structure, along with an endothermic peak around 76.27 °C, attributed to the evaporation of bound water in
the heat-sensitive Ch matrix.”* The DSC thermograms of AMG-Ch NPs, AMG-Ch/Coll NPs, and Ch-Coll NPs exhibit
profiles consistent with glass transition behavior. Notably, the absence of endothermic or exothermic peaks corresponding
to crystalline AMG and TPP suggests a loss of crystallinity.”® These observations, supported by XRD data, indicate
molecular dispersion of AMG within the NP matrix and successful encapsulation within the nanoreservoir system.!

This amorphous transformation plays a critical role in enhancing the solubility of AMG, as demonstrated by
a fourfold increase in its aqueous solubility in AMG-Ch NPs and AMG-Ch/Coll NPs.”® This enhancement can be
attributed to the inherent properties of the NPs, combined with the synergistic effect of hydrophilic polymers in the
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formulation. Key contributing factors include reduced PS and the presence of polar functional groups in Ch and Coll,
which increase surface area exposure to the solvent and improve aqueous dispersion.”

The enhanced solubility of AMG, achieved through NP encapsulation, enabled its incorporation into an HG matrix
for topical application. Each formulation was prepared using Carbopol as the gelling agent and subsequently evaluated
for characterization and suitability as a wound healing formulation.”® The first characterization step involved pH analysis,
which showed that all HG formulations (pH measured ranges between 6.50—6.98) remained within the acceptable range
for skin application (pH 4.5-7.0).>” AMG-HG exhibited the highest pH (6.98 + 0.13), likely due to the absence of NP
matrix interactions. In contrast, Ch-Coll NPs-HG showed the lowest pH (6.50 = 0.11), which may be influenced by the
acidic functional groups present in both Ch and Coll. The slightly lower pH values of AMG-Ch NPs-HG (6.68 + 0.12)
and AMG-Ch/Coll NPs-HG (6.81 £ 0.15) suggest that NP formation helps balance the interaction between acidic and
basic groups, contributing to pH stability. Overall, these results indicate that all formulations are suitable for topical use,
with NP incorporation enhancing both functional performance and pH compatibility.”’

In addition to pH, the physical behavior of the HG, particularly its ability to spread uniformly over the wound site, is
a critical factor influencing its applicability. The spreadability was assessed to determine the HG formulations’ ability to
distribute evenly over the skin, which is essential for application, wound coverage, and tissue regeneration.”® Among all
formulations, AMG-Ch NPs-HG showed the highest spreadability, likely due to the increased solubility and uniform
distribution of nanoscale AMG within the Ch matrix. The absence of Coll in this formulation allowed the formation of
a more flexible polymeric network, thereby facilitating gel deformation and spreading across the surface.”” In contrast,
the Coll-containing formulations AMG-Ch/Coll NPs-HG and Ch-Coll NPs-HG showed slightly lower values. Hydrogen
bonding and electrostatic interactions with Coll increase the stiffness of Ch-based HGs, which may reduce flexibility and
spreadability.*® Meanwhile, AMG-HG demonstrated the lowest spreadability, likely due to the poor solubility of pure
AMG, which may have caused aggregation and the formation of a denser gel matrix that restricted deformation and
spreadability.'’

Another important characteristic of HG formulations for wound healing is their ability to absorb wound exudate. The
swelling ratio is essential for wound healing, as it enables HG formulations to absorb wound exudate and maintain
a moist environment that supports tissue regeneration.®’ The swelling ratio of the HGs was closely influenced by the
polymeric network structure and the PS of the incorporated NPs.** In formulations such as AMG-Ch NPs-HG, the
absence of Coll and the presence of smaller NPs favor a more open network structure, which facilitates water uptake and
increases the swelling ratio.®® In contrast, AMG-Ch/Coll NPs-HG showed a slightly lower swelling ratio, likely due to
increased crosslinking density from hydrogen bonding and electrostatic interactions between Coll and Ch.** The swelling
capacity further declined in Ch/Coll NPs-HG, possibly due to the absence of AMG, which in AMG-loaded systems may
contribute to colloidal stability and additional hydrophilic interactions. AMG-HG demonstrated the lowest swelling ratio,
likely due to the poor solubility and aggregation of free AMG, resulting in a compact and less permeable gel matrix."”

Polymer composition, matrix flexibility, and PS significantly influenced the in vitro drug release profiles of the HGs
by affecting their water absorption and retention capacity.®> AMG-Ch NPs-HG exhibited the most efficient release, likely
due to its smaller PS, enhanced solubility, and better matrix hydration. The nanoscale particles increased surface
exposure to the medium, promoting faster water uptake and drug diffusion.* In contrast, the slightly reduced release
in AMG-Ch/Coll NPs-HG may be attributed to the presence of both Ch and Coll, which increase matrix rigidity through
additional hydrogen bonding and electrostatic crosslinking, thereby slowing drug diffusion.®” AMG-HG showed the
lowest release performance, likely due to the poor solubility of free AMG and the absence of NP-mediated dispersion,
thereby reducing the efficiency of topical drug delivery.?

The improved release behavior of AMG, particularly from AMG-Ch NPs-HG and AMG-Ch/Coll NPs-HG, is
expected to translate into enhanced therapeutic performance. This was further evaluated through wound healing studies,
in which the percentage of wound closure served as a key indicator of therapeutic efficacy.®® Faster and more complete
closure reflects a more optimal healing process. Among all groups, the AMG-Ch NPs-HG and AMG-Ch/Coll NPs-HG
formulations demonstrated the best performance, achieving the highest wound closure rates on day 21 (99.28 £3.59%
and 98.13 +3.26%, respectively). These results were significantly higher compared to the control group (79.84 +2.25%),
AMG-HG (89.12+2.58%), and Ch/Coll NPs-HG (88.95 +3.14%). The enhanced therapeutic efficacy of the AMG-Ch
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NPs-HG and AMG-Ch/Coll NPs-HG formulations can be attributed to both pharmacological and pharmaceutical
mechanisms. In the AMG-Ch NPs-HG formulation, AMG acts pharmacologically as an anti-inflammatory and antiox-
idant agent, supporting more effective drug penetration and retention at the wound site.* ' Additionally, the presence of
Ch, known for its bioadhesive properties and intrinsic wound healing capabilities, has been reported to support enhanced
cell migration and proliferation.”>*> From a pharmaceutical perspective, the NP delivery system improves AMG’s
bioavailability and physicochemical properties by increasing surface area, enhancing water solubility, and enabling
a controlled release profile, thereby prolonging the therapeutic action.”*"’

Similarly, in the AMG Ch/Coll NPs HG formulation, in addition to the wound healing potential of AMG, the role of
Coll combined with Ch as a polymer matrix in the NP system exerts a regenerative effect that is comparatively slower but
more sustained.”® Although Coll-containing NPs may not accelerate the initial phase of healing, their contribution
becomes more prominent during the tissue remodelling stage in the later phase of wound repair.®” These findings suggest
that Coll-based NPs can support the long-term healing process by promoting structural integrity and functional tissue
regeneration.>®

Observations on day 7 revealed that the AMG-Ch NPs-HG group exhibited significantly greater wound closure
compared to the control group (P < 0.001), AMG-HG, and Ch/Coll NPs-HG (P < 0.01), indicating sustained therapeutic
activity of the NP system. However, no significant difference was observed compared to the AMG-Ch/Coll NPs-HG
group, suggesting that during the early phase of wound healing, both AMG-Ch NPs-HG and AMG-Ch/Coll NPs-HG
formulations demonstrated comparable therapeutic effectiveness. This similarity may be attributed to the relatively
equivalent initial release of AMG from both systems. By day 14, the AMG-Ch NPs-HG group began to show
significantly higher effectiveness than AMG-Ch/Coll NPs-HG (P < 0.05), AMG-HG, and Ch/Coll NPs-HG (P < 0.01),
as well as the control group (P < 0.001), indicating continued therapeutic activity. Furthermore, by day 21, both AMG-Ch
NPs-HG and AMG-Ch/Coll NPs-HG exhibited significantly superior wound healing performance compared to AMG-HG
and Ch/Coll NPs-HG (P < 0.01), as well as the control group (P < 0.001). These results underscore the potential of AMG-
loaded NP HG to provide long-term therapeutic benefits in wound repair.

The observed enhancement in wound closure in the AMG-Ch NPs-HG formulation is consistent with previous studies
that reported comparable outcomes using advanced drug delivery systems. In one study, an HG formulation based on
AMG complexed with hydroxypropyl-B-cyclodextrin (HP-B-CD)'® and a sprayable HG containing AMG-loaded nanos-
tructured lipid carriers (NLCs)*® with propolis demonstrated significantly improved wound closure compared to pure
AMG. These findings align with the present study and are likely attributed to similar drug release mechanisms, where
therapeutic efficacy depends more on the delivery system’s ability to enhance the bioavailability of the active compound
than on its concentration alone.”” The overall enhancement in wound closure observed in the AMG-Ch NP-HG and
AMG-Ch/Coll NP-HG formulations is consistent with recent advances in NP-based drug delivery and soft-matter
nanocarrier systems. For example, bimetallic oxide (SrO—CoO) NPs embedded within a polyacrylamide HG exhibited
a comparable extended-release profile while maintaining biocompatibility for wound healing applications. Such sustained
release is known to regulate the wound microenvironment by maintaining steady therapeutic levels, thereby promoting
fibroblast activity, enhancing collagen synthesis, and attenuating inflammatory responses—mechanisms previously
reported in SrO-CoO HG systems.”® Likewise, Ch/Coll matrices have been reported in the literature to provide
biointeractive cues that support cellular migration, angiogenesis, and extracellular matrix remodeling, which collectively
contribute to the accelerated tissue repair observed in this study. These mechanistic correlations offer a plausible
explanation for the improved wound-closure trends observed in the AMG—Ch and AMG-Ch/Coll NP-HG groups.*

Building on this context, beyond polymeric carriers, lipid-based nanostructured systems such as the NLC-P-aM
formulation reported by Suhandi et al (2025)?° have also demonstrated high wound-closure efficacy in diabetic models,
achieving 85.83 + 3.33% wound closure by day 14. However, these lipidic matrices primarily serve as passive
encapsulation vehicles with limited biological interaction at the wound interface. In contrast, the Ch/Coll system
developed in this study combines the mucoadhesive properties of Ch with the bioactive peptide motifs of Coll, providing
both structural stability and biological responsiveness.”” By day 14, the AMG-Ch NP-HG and AMG-Ch/Coll NP-HG
groups achieved wound closure rates of 92.55 + 2.64% and 87.65 + 2.73%, respectively, outperforming the lipid-based
NLC-P-oM formulation (85.83 + 3.33%) in terms of wound contraction and tissue recovery.
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Although a significant increase in wound closure was observed after 21 days of treatment, nearly complete closure
was achieved only in the AMG Ch NPs HG (99.28 +3.59%) and AMG Ch/Coll NPs HG (98.13 +3.26%) groups. This
observed sustained therapeutic effect may be attributed to the ability of Ch and Coll to form an HG matrix capable of
retaining AMG and prolonging its release, as demonstrated in previous studies on biocompatible HGs for wound healing

190 and further supported by findings highlighting the therapeutic potential of AMG in wound healing.”

and drug delivery
This enhanced wound closure may be attributed to improved epithelial cell migration and favorable modulation of the
wound microenvironment by the biopolymer matrix, which together facilitate faster tissue repair.'®" In addition to these
mechanistic aspects, the therapeutic effects observed at this dosage are consistent with other preclinical topical
formulations employing comparable application amounts. In this study, a daily application of 50 mg AMG per wound
was selected based on common practices reported in preclinical HG and other Ch-based topical gel studies.'%* Although
a formal dose-response analysis was not conducted, future optimization of active loading and application frequency is
planned to determine the minimal effective concentration and further enhance the translational relevance of the
developed AMG-loaded NP-HG systems.

Taken together, these findings not only confirm the efficacy of the developed NP-HG systems but also align closely
with recent advances in polymeric nanocarrier research. The overall enhancement in wound closure observed in the
AMG-Ch NP-HG and AMG-Ch/Coll NP-HG formulations is consistent with recent advances in NP-based drug
delivery and soft-matter nanocarrier systems. Recent studies have emphasized that multifunctional polymeric nanocar-
riers can improve encapsulation efficiency and ensure sustained release, thereby contributing directly to prolonged
therapeutic action in topical applications.'® Furthermore, the integration of soft-matter nanocarriers, particularly NP-
based HGs, has been highlighted as a promising strategy to optimize the wound microenvironment and enhance cellular
responses during the healing process.'” These trends support the present findings, in which the polymeric NP-HG
systems demonstrated superior wound closure and greater durability of therapeutic effects compared to non—nanocarrier-
based formulations.'%?

Consistent with recent reviews on polymeric and soft-matter wound healing platforms,'®'°* the Ch and Coll-based
matrix used in this study provided a biocompatible scaffold that facilitated sustained drug retention and the gradual
release of AMG at the wound site. This synergistic interaction between the bioactive polymers and the NP delivery
system not only accelerated epithelial regeneration but also ensured long-term stability and safety, thereby confirming the
relevance of such soft-matter nanocarrier designs in advanced wound care. The components used in the polymeric NP-
based HG formulations, namely Ch and Coll, are known to possess excellent biocompatibility and biodegradability,
which are essential for safe topical applications.'”> Ch has been widely reported as a non-toxic, bioadhesive, and
hemostatic polymer that promotes fibroblast proliferation and accelerates re-epithelialization.'®® Coll, a natural compo-
nent of the extracellular matrix, provides a favorable microenvironment for cell adhesion and migration, thereby
supporting tissue regeneration without eliciting inflammatory responses.'®” In this in vivo study, the wound closure
observed over the 21-day period indicates that the formulations were well tolerated locally. These findings are consistent
with previous reports demonstrating the biocompatibility of AMG—Ch NP-HG and AMG-Ch/Coll NP-HG systems in
wound-healing applications.**-** Similarly, the safety profile of Ch/Coll NPs within HG systems has also been reported in
wound-healing applications.

The comparative wound-healing outcomes, beyond confirming local biocompatibility, further emphasize the superior
performance of the AMG—Ch NP-HG and AMG-Ch/Coll NP-HG formulations. Collectively, these observations indicate
that the developed AMG-loaded Ch/Coll NPs within HG systems not only accelerate wound closure but also maintain
excellent local compatibility, suggesting their potential for further preclinical development. In contrast, AMG-HG and
Ch/Coll NPs-HG showed only moderate improvements, with no significant differences between them throughout the
study period. This suggests that neither AMG without a nanocarrier nor blank NPs without active compounds are
sufficient to ensure sustained therapeutic action, underscoring the importance of a well-designed delivery system in
topical wound healing.'®®
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Limitations and Future Directions

A limitation of this study is that we did not directly assess the physical stability of all NP formulations (AMG-Ch NPs,
AMG-Ch/Coll NPs, and Ch-Coll NPs) and HG systems under different storage temperatures or durations. In addition, the
effects of these NP-based HG formulations (AMG-Ch NPs-HG, AMG-Ch/Coll NPs-HG, and Ch-Coll NPs-HG) and
AMG-HG on fibroblast migration and tube-formation assays, which could illustrate their pro-angiogenic potential, were
not assessed. Furthermore, the influence of each HG formulation on inflammatory and angiogenic markers, such as IL-6
and TNF-a, was not investigated. The drug-loading efficiency of the NP systems was also not determined. However,
quantification of AMG loading in NP-based HG formulations (AMG-HG, AMG-Ch NPs-HG, and AMG-Ch/Coll NPs-
HG) using HPLC is planned for future studies. Subsequent work should also include histological examinations of skin
tissue sections to evaluate epithelialization, collagen deposition, and inflammatory responses at day 21 post-treatment.
Future investigations will further explore cytocompatibility through in vitro cell-viability assays using NIH-3T3
fibroblasts to precisely assess the compatibility of the NP and HG systems. Moreover, bacterial colony-count assays
were not performed in this study. Instead, antibacterial performance was preliminarily assessed via disc-diffusion assays
against Staphylococcus aureus and Escherichia coli to determine inhibition zones. Finally, in silico molecular-docking
studies are warranted to elucidate the potential interactions between AMG and the Ch-Coll polymer matrix that may

contribute to enhanced wound-healing efficacy.

Conclusion

This study successfully demonstrated that AMG-loaded Ch/Coll NPs formulated into an HG system, offer significant
potential for enhancing topical wound healing. The NPs exhibited favorable physicochemical characteristics, including
suitable PS, spherical morphology, high percentage of entrapment efficiency, and amorphous structure with strong
intermolecular interactions, as confirmed by SEM, FTIR, XRD, and DSC analyses. NP encapsulation markedly improved
the aqueous solubility of AMG, allowing its stable incorporation into HG matrices. The HG formulations showed
acceptable pH values, good spreadability, high swelling ratios, and sustained in vitro drug release, with the best
performance exhibited by AMG-Ch NPs-HG and AMG-Ch/Coll NPs-HG matrices.

In vivo wound healing evaluation confirmed that both NP-based HG formulations significantly accelerated wound
closure compared to non-NP controls, demonstrating superior therapeutic efficacy. The combination of Ch’s bioadhesive
and regenerative properties with the long-term structural support of Coll provided a synergistic effect in promoting
sustained drug release and tissue repair. These findings emphasize the critical role of NP-based delivery systems in
improving the bioavailability and therapeutic effectiveness of poorly soluble compounds like AMG and highlight the

promise of AMG-loaded Ch/Coll NPs in HG formulations as an advanced platform for topical wound treatment.

Acknowledgments
The authors would like to thank Universitas Padjadjaran for funding the APC and for facilitating the English
proofreading.

Author Contributions

All authors made a significant contribution to the work reported, whether that is in the conception, study design,
execution, acquisition of data, analysis and interpretation, or all these areas; took part in drafting, revising or critically
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article
has been submitted; and agree to be accountable for all aspects of the work.

Funding
This research was funded by Universitas Padjadjaran (Hibah Riset EQUITY-WCU Batch 2 Universitas Padjadjaran) (No:
5588/UN6.3.1/PT.00/2025, Tanggal 22 Desember 2025).

20 https: Nanotechnology, Science and Applications 2026:19



Kusnadi et al

Disclosure
The authors declare that there are no conflicts of interest in this work.

References

1.

2.

11.

12.

13.

14.

15.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Chen S, Xia J, Hou Z, et al. Natural polysaccharides combined with mussel-inspired adhesion for multifunctional hydrogels in wound
hemostasis and healing: a review. Int J Biol Macromol. 2024;282:136965. doi:10.1016/j.ijbiomac.2024.136965

Wu C, Liu B, Wen Q, Zhai Q. A carbon nanotube/pyrrolidonecarboxylic acid zinc sponge for programmed management of diabetic wounds:
hemostatic, antibacterial, anti-inflammatory, and healing properties. Mater Today Bio. 2025;32:101769. doi:10.1016/j.mtbio.2025.101769

. Heydari M, Mehrbani H, Seyyedkazemi SM, et al. The bioactive compound of traditional herbal ointment accelerates wound closure,

epithelialization, and angiogenesis in patients with second-degree burn wound: a randomized clinical trial. 7issue Cell. 2025;93:102787.
doi:10.1016/j.tice.2025.102787

. Liu Y, Teng J, Huang R, et al. Injectable plant-derived polysaccharide hydrogels with intrinsic antioxidant bioactivity accelerate wound healing

by promoting epithelialization and angiogenesis. /nt J Biol Macromol. 2024;266:131170. doi:10.1016/j.ijbiomac.2024.131170

. Li T, Wen Q, Zhu F, et al. A tranexamic acid-functionalized acellular dermal matrix sponge co-loaded with magnesium ions: enhancing

hemostasis, vascular regeneration, and re-epithelialization for comprehensive diabetic wound healing. Biomater. Adv. 2025;167:214096.
doi:10.1016/j.bioadv.2024.214096

. Porwal D, Das B. Medical implications of gas producing probiotics: anti-inflammation and immunity enhancement for ameliorating disease

severity. Med Gas Res. 2024;14(3):140-141. doi:10.4103/mgr.MEDGASRES-D-23-00041

. XuR, Fang Y, Zhang Z, et al. Recent advances in biodegradable and biocompatible synthetic polymers used in skin wound healing. Materials.

2023;16(15):5459. doi:10.3390/mal6155459

. Ahmadieh-Yazdi A, Karimi M, Afkhami E, et al. Unveiling therapeutic potential: adipose tissue-derived mesenchymal stem cells and their

exosomes in the management of diabetes mellitus, wound healing, and chronic ulcers. Biochem. Pharmacol. 2024;226:116399. doi:10.1016/].
bep.2024.116399

. Zhang H, Liang Q, Ji Y, et al. Facile fabrication of antioxidative and antibacterial hydrogel films to accelerate infected diabetic wound healing.

Bioact. Mater. 2025;53:386-403. doi:10.1016/j.bioactmat.2025.07.026

. Pei J, Kanwal S, Sivaramakrishnan R, Katelakha K. Therapeutic potential of microalgae-derived natural compounds in diabetic wound healing:

a comprehensive review. Heliyon. 2025;11(4):e42723—e42723. doi:10.1016/j.heliyon.2025.e42723

Pathak D, Mazumder A. A critical overview of challenging roles of medicinal plants in improvement of wound healing technology. DARU
J Pharma Sci. 2024;32(1):379-419. doi:10.1007/s40199-023-00502-x

Kanlayavattanakul M, Khongkow M, Lourith N. Wound healing and photoprotection properties of Acanthus ebracteatus Vahl. extracts
standardized in verbascoside. Sci Rep. 2024;14(1):1904. doi:10.1038/s41598-024-52511-8

Wathoni N, Yuniarsih N, Cahyanto A, Muhctaridi M. a-mangostin hydrogel film based chitosan—alginate for recurrent aphthous stomatitis. App!
Sci. 2019;9(23):5235. doi:10.3390/app9235235

Muchtaridi M, Suryani Al, Wathoni N, et al. Chitosan/alginate polymeric nanoparticle-loaded a-mangostin: characterization, cytotoxicity, and
in vivo evaluation against breast cancer cells. Polymers. 2023;15(18):3658. doi:10.3390/polym15183658

Herdiana Y, Wathoni N, Shamsuddin S, Muchtaridi M. a-mangostin nanoparticles cytotoxicity and cell death modalities in breast cancer cell
lines. Molecules. 2021;26(17):5119. doi:10.3390/molecules26175119

. Sangavi R, Khute S, Subash P. Advances in novel drug delivery systems: a focus on nanoparticles and mucoadhesive technologies. Drug Dev.

Ind. Pharm. 2025;1-16. doi:10.1080/03639045.2025.2564364

. Subash P, Khute S. Recent advances in lyotropic liquid crystal nanoparticle formulations for drug delivery systems. Front Soft Matter. 2025;5.

doi:10.3389/frsfim.2025.1658466.

Sood A, Patwardhan V, Nayak S, Chintalapani S, Mandal S, Tikoo K. Bioengineered nanoparticles for targeted topical delivery in wound
healing: advances and future outlook. Nanomedicine. 2025;20(16):2061-2092. doi:10.1080/17435889.2025.2535277

Wathoni N, Sari DP, Suharyani I, et al. Enhancement of o-mangostin wound healing ability by complexation with 2-hydroxypropyl-B-
cyclodextrin in hydrogel formulation. Pharmaceuticals. 2020;13(10):290. doi:10.3390/ph13100290

Suhandi C, Wilar G, Mohammed A, et al. Propolis-based nanostructured lipid carrier of a-mangostin for promoting diabetic wound healing in
alloxan-induced mice. J Inflamm Res. 2025;18:7443-7457. doi:10.2147/JIR.S525243

Milanda T, Cindana Mo’o FR, Mohammed AFA, et al. Alginate/chitosan-based hydrogel film containing a-mangostin for recurrent aphthous
stomatitis therapy in rats. Pharmaceutics. 2022;14(8):1709. doi:10.3390/pharmaceutics14081709

Sharma G, Dutta J. Exploring design formulations and properties of chitosan-functionalized metal oxide nanoparticles for wound dressing
applications - A review. Int J Biol Macromol. 2025;320:146002. doi:10.1016/j.ijbiomac.2025.146002

Wang F, Zhang W, Li H, Chen X, Feng S, Mei Z. How effective are nano-based dressings in diabetic wound healing? a comprehensive review
of literature. Int J Nanomed. 2022;17:2097-2119. doi:10.2147/1IN.S361282

Baniasadi H. State-of-the-art in natural hydrogel-based wound dressings: design, functionalization, and fabrication approaches. Adv. Colloid
Interface Sci. 2025;342:103527. doi:10.1016/j.¢is.2025.103527

Li Z, Qian C, Zheng X, et al. Collagen/chitosan/genipin hydrogel loaded with phycocyanin nanoparticles and ND-336 for diabetic wound
healing. Int J Biol Macromol. 2024;266:131220. doi:10.1016/j.ijbiomac.2024.131220

Zhang H, Wu H, Zhang L. Multifunctional nanocomposite chitosan-based hydrogel promotes healing of infected wounds through sustained
release of Zn2+ and nicotinamide mononucleotide. Carbohydr. Polym. 2025;368:124111. doi:10.1016/j.carbpol.2025.124111

Manne AA, Arigela B, Giduturi AK, Komaravolu RK, Mangamuri U, Poda S. Pterocarpus marsupium Roxburgh heartwood extract/chitosan
nanoparticles loaded hydrogel as an innovative wound healing agent in the diabetic rat model. Mater Today Commun. 2021;26:101916.
doi:10.1016/j.mtcomm.2020.101916

Chatterjee NS, Sukumaran HG, Dara PK, et al. Nano-encapsulation of curcumin in fish collagen grafted succinyl chitosan hydrogel accelerates
wound healing process in experimental rats. Food Hydrocoll Health. 2022;2:100061. doi:10.1016/j.thth.2022.100061

Nanotechnology, Science and Applications 2026:19 https: 21


https://doi.org/10.1016/j.ijbiomac.2024.136965
https://doi.org/10.1016/j.mtbio.2025.101769
https://doi.org/10.1016/j.tice.2025.102787
https://doi.org/10.1016/j.ijbiomac.2024.131170
https://doi.org/10.1016/j.bioadv.2024.214096
https://doi.org/10.4103/mgr.MEDGASRES-D-23-00041
https://doi.org/10.3390/ma16155459
https://doi.org/10.1016/j.bcp.2024.116399
https://doi.org/10.1016/j.bcp.2024.116399
https://doi.org/10.1016/j.bioactmat.2025.07.026
https://doi.org/10.1016/j.heliyon.2025.e42723
https://doi.org/10.1007/s40199-023-00502-x
https://doi.org/10.1038/s41598-024-52511-8
https://doi.org/10.3390/app9235235
https://doi.org/10.3390/polym15183658
https://doi.org/10.3390/molecules26175119
https://doi.org/10.1080/03639045.2025.2564364
https://doi.org/10.3389/frsfm.2025.1658466
https://doi.org/10.1080/17435889.2025.2535277
https://doi.org/10.3390/ph13100290
https://doi.org/10.2147/JIR.S525243
https://doi.org/10.3390/pharmaceutics14081709
https://doi.org/10.1016/j.ijbiomac.2025.146002
https://doi.org/10.2147/IJN.S361282
https://doi.org/10.1016/j.cis.2025.103527
https://doi.org/10.1016/j.ijbiomac.2024.131220
https://doi.org/10.1016/j.carbpol.2025.124111
https://doi.org/10.1016/j.mtcomm.2020.101916
https://doi.org/10.1016/j.fhfh.2022.100061

Kusnadi et al

29

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

. Miya MB, Ashutosh M, et al. Accelerated diabetic wound healing using a chitosan-based nanomembrane incorporating nanovesicles from Aloe
barbadensis, Azadirachta indica, and Zingiber officinale. Int J Biol Macromol. 2025;310:143169. doi:10.1016/j.ijbiomac.2025.143169

Hamza HM, Malik MM, Asad M, Ali S, Awan AA. Advances in orthopedic implants: the role of nanotechnology in enhancing performance and
longevity. Regen. Med. 2025;2(1):15-21. doi:10.4103/REGENMED.REGENMED-D-24-00024

Wathoni N, Meylina L, Rusdin A, et al. The potential cytotoxic activity enhancement of a-mangostin in chitosan-kappa carrageenan-loaded
nanoparticle against MCF-7 cell line. Polymers. 2021;13(11):1681. doi:10.3390/polym13111681

Herdiana Y, Handaresta D, Joni I, Wathoni N, Muchtaridi M. Synthesis of nano-o mangostin based on chitosan and Eudragit S 100. J Adv
Pharmaceut Technol Res. 2020;11(3):95. doi:10.4103/japtr.JAPTR_182_19

Leon-Campos MI, Claudio-Rizo JA, Becerra-Rodriguez JJ, et al. Novel tragacanth gum-collagen-polyurethane hydrogels: super-swelling,
antibacterial, and fibrillogenesis-enhancing properties for efficient wound healing. /nt J Biol Macromol. 2025;310:143281. doi:10.1016/j.
ijbiomac.2025.143281

Kusnadi K, Herdiana Y, Rochima E, Putra ON, Mohd Gazzali A, Muchtaridi M. Collagen-based nanoparticles as drug delivery system in wound
healing applications. Int J Nanomed. 2024;19:11321-11341. doi:10.2147/1JN.S485588

Ragothaman M, Kannan Villalan A, Dhanasekaran A, Palanisamy T. Bio-hybrid hydrogel comprising collagen-capped silver nanoparticles and
melatonin for accelerated tissue regeneration in skin defects. Mater Sci Eng C. 2021;128:112328. doi:10.1016/j.msec.2021.112328

Shalaby M, Hamouda D, Khedr SM, Mostafa HM, Saeed H, Ghareeb AZ. Nanoparticles fabricated from the bioactive tilapia scale collagen for
wound healing: experimental approach. PLoS One. 2023;18(10):¢0282557—e0282557. doi:10.1371/journal.pone.0282557

Li Y, Xiong J, Hu Y, Miao W, Huang H. Wrapping collagen-based nanoparticle with macrophage membrane for treating multidrug-resistant
bacterial infection. Leather Sci. Eng. 2022;4(1):31. doi:10.1186/542825-022-00106-2

Huang H, Xie Y, Zhong J, et al. Antimicrobial peptides loaded collagen nanosheets with enhanced antibacterial activity, corneal wound healing
and M1 macrophage polarization in bacterial keratitis. Composites Part B. 2024;275:111283. doi:10.1016/j.compositesb.2024.111283
Herdiana Y, Wathoni N, Shamsuddin S, Muchtaridi M. Cytotoxicity enhancement in MCF-7 breast cancer cells with depolymerized chitosan
delivery of a-mangostin. Polymers. 2022;14(15):3139. doi:10.3390/polym14153139

Zhu J, Wang H, Li K, Yuan X, Hong W. Black phosphorus nanosheets-loaded single-atom gold nanoenzymes for enhanced photodynamic
therapy of hepatocellular carcinoma. Int J Nanomed. 2024;19:12583—-12592. doi:10.2147/1JN.S414938

Lin C, Bai X, Zhang L. Chitosan/sodium tripolyphosphate/sodium alginate/miRNA-34c-5p antagomir scaffolds promote the functionality of
rabbit cranial parietal repair. Int J Nanomed. 2024;19:12939-12956. doi:10.2147/1JN.S481965

Zhao L, Duan X, Cao W, et al. Effects of different drying methods on the characterization, dissolution rate and antioxidant activity of ursolic
acid-loaded chitosan nanoparticles. Foods. 2021;10(10):2470. doi:10.3390/foods10102470

Rochima E, Octaviani D, Azhary SY, Praseptiangga D, Panatarani C, Joni IM. Effect of fish gelatin as a structure forming agent to enhance
transparency and speed up degradability of bionanocomposite semi-refined kappa carrageenan film reinforced with ZnO and SiO2 filler. Food
Hydrocoll. 2024;152:109965. doi:10.1016/j.foodhyd.2024.109965

Aulifa D, Saepudin A, Margaretha P, Khairinisa M, Budiman A. Characterization of alpha mangostin loaded-mesoporous silica nanoparticle and
the impact on dissolution and physical stability. Nanotechnol. Sci. Appl. 2025;18:1-13. doi:10.2147/NSA.S499007

Wathoni N, Rusdin A, Febriani E, et al. Formulation and characterization of a-mangostin in chitosan nanoparticles coated by sodium alginate,
sodium silicate, and polyethylene glycol. J Pharm Bioallied Sci. 2019;11(8):619. doi:10.4103/jpbs.JPBS_206_19

Barzegar F, Bohlouli S, Fakhri E, Dizaj SM, Memar MY, Sobhanifar F. Preparation and Evaluation of Chitosan nanoparticles containing iranian
eschium amoenum extract and its antimicrobial effects on common oral microorganisms. Open Dent J. 2023;17(1). doi:10.2174/
0118742106271268231030100248

Zhang H, Zhang S, Liu Z, et al. Dual parametric simultaneous measurement of pH and temperature based on optical fiber interference and
silanized pH-responsive hydrogel. Measurement. 2025;243:116321. doi:10.1016/j.measurement.2024.116321

Alsareii SA, Ahmad J, Umar A, Ahmad MZ, Shaikh IA. Enhanced in vivo wound healing efficacy of a novel piperine-containing bioactive
hydrogel in excision wound rat model. Molecules. 2023;28(2):545. doi:10.3390/molecules28020545

Jeong H, Lee DY, Yang DH, Song Y-S. Mechanical and cell-adhesive properties of gelatin/polyvinyl alcohol hydrogels and their application in
wound dressing. Macromol Res. 2022;30(4):223-229. doi:10.1007/s13233-022-0027-7

Donthi M, Saha R, Singhvi G, Dubey S. Dasatinib-loaded topical nano-emulgel for rheumatoid arthritis: formulation design and optimization by
QbD, In Vitro, Ex Vivo, and In Vivo Evaluation. Pharmaceutics. 2023;15(3):736. doi:10.3390/pharmaceutics15030736

Kischkel S, Brietzke A, Schmidt W, Eickner T, Grabow N, Matschegewski C. Application of 3R principles in small animal GLP testing of
biomaterials. Curr Direct Biomed Eng. 2019;5(1):335-337. doi:10.1515/cdbme-2019-0084

Miller LJ, Chinnadurai SK. Beyond the five freedoms: animal welfare at modern zoological facilities. Animals. 2023;13(11):1818. doi:10.3390/
anil3111818

Putra ON, Musfiroh I, Paramitasari D, et al. Sago-starch-derived sodium starch glycolate: an effective superdisintegrant to enhance formulation
performance. Polymers. 2025;17(9):1208. doi:10.3390/polym17091208

Riaz T, Zeeshan R, Zarif F, et al. FTIR analysis of natural and synthetic collagen. Appl. Spectrosc. Rev. 2018;53(9):703—746. doi:10.1080/
05704928.2018.1426595

Mallick S, Nag M, Lahiri D, et al. Engineered nanotechnology: an effective therapeutic platform for the chronic cutaneous wound.
Nanomaterials. 2022;12(5):778. doi:10.3390/nano12050778

Bruinsmann FA, Pigana S, Aguirre T, et al. Chitosan-coated nanoparticles: effect of chitosan molecular weight on nasal transmucosal delivery.
Pharmaceutics. 2019;11(2):86. doi:10.3390/pharmaceutics11020086

Anandhakumar S, Krishnamoorthy G, Ramkumar KM, Raichur AM. Preparation of collagen peptide functionalized chitosan nanoparticles by
ionic gelation method: an effective carrier system for encapsulation and release of doxorubicin for cancer drug delivery. Mater Sci Eng C.
2017;70:378-385. doi:10.1016/j.msec.2016.09.003

Ogadah CU, Mrstna K, Matysovéa L, et al. Comparison of the liquisolid technique and co-milling for loading of a poorly soluble drug in
inorganic porous excipients. Int J Pharm. 2024;650:123702. doi:10.1016/j.ijpharm.2023.123702

Sreeharsha N, Prasanthi S, Rao GSNK, et al. Formulation optimization of chitosan surface coated solid lipid nanoparticles of griseofulvin: a
Box-Behnken design and in vivo pharmacokinetic study. Eur. J. Pharm. Sci. 2025;204:106951. doi:10.1016/j.ejps.2024.106951

22

https: Nanotechnology, Science and Applications 2026:19


https://doi.org/10.1016/j.ijbiomac.2025.143169
https://doi.org/10.4103/REGENMED.REGENMED-D-24-00024
https://doi.org/10.3390/polym13111681
https://doi.org/10.4103/japtr.JAPTR_182_19
https://doi.org/10.1016/j.ijbiomac.2025.143281
https://doi.org/10.1016/j.ijbiomac.2025.143281
https://doi.org/10.2147/IJN.S485588
https://doi.org/10.1016/j.msec.2021.112328
https://doi.org/10.1371/journal.pone.0282557
https://doi.org/10.1186/s42825-022-00106-2
https://doi.org/10.1016/j.compositesb.2024.111283
https://doi.org/10.3390/polym14153139
https://doi.org/10.2147/IJN.S414938
https://doi.org/10.2147/IJN.S481965
https://doi.org/10.3390/foods10102470
https://doi.org/10.1016/j.foodhyd.2024.109965
https://doi.org/10.2147/NSA.S499007
https://doi.org/10.4103/jpbs.JPBS_206_19
https://doi.org/10.2174/0118742106271268231030100248
https://doi.org/10.2174/0118742106271268231030100248
https://doi.org/10.1016/j.measurement.2024.116321
https://doi.org/10.3390/molecules28020545
https://doi.org/10.1007/s13233-022-0027-7
https://doi.org/10.3390/pharmaceutics15030736
https://doi.org/10.1515/cdbme-2019-0084
https://doi.org/10.3390/ani13111818
https://doi.org/10.3390/ani13111818
https://doi.org/10.3390/polym17091208
https://doi.org/10.1080/05704928.2018.1426595
https://doi.org/10.1080/05704928.2018.1426595
https://doi.org/10.3390/nano12050778
https://doi.org/10.3390/pharmaceutics11020086
https://doi.org/10.1016/j.msec.2016.09.003
https://doi.org/10.1016/j.ijpharm.2023.123702
https://doi.org/10.1016/j.ejps.2024.106951

Kusnadi et al

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Németh Z, Csoka I, Semnani Jazani R, et al. Quality by design-driven zeta potential optimisation study of liposomes with charge imparting
membrane additives. Pharmaceutics. 2022;14(9):1798. doi:10.3390/pharmaceutics 14091798

Algharib SA, Dawood A, Zhou K, et al. Preparation of chitosan nanoparticles by ionotropic gelation technique: effects of formulation
parameters and in vitro characterization. J Mol Struct. 2022;1252:132129. doi:10.1016/j.molstruc.2021.132129

Azin A, Koohi AD, Padekan B. Chitosan—collagen/hydroxyapatite and tripolyphosphate nanocomposite: characterization and application for
copper removal from aqueous solution. Polym Bull. 2022;79(11):10251-10275. doi:10.1007/300289-021-03998-y

Shikuku R, Hasnat MA, Mashrur SBA, Haque P, Rahman MM, Khan MN. Chitosan-based pH-sensitive semi-interpenetrating network
nanoparticles as a sustained release matrix for anticancer drug delivery. Carbohydr Polym Technol Appl. 2024;7:100515. doi:10.1016/].
carpta.2024.100515

Abdullah AS, Sayed IETE, El-Torgoman AMA, Kalam A, Wageh S, Kamel MA. Green synthesis of silymarin—chitosan nanoparticles as a new
nano formulation with enhanced anti-fibrotic effects against liver fibrosis. Int J Mol Sci. 2022;23(10):5420. doi:10.3390/ijms23105420
Ahmed HA, El-Maradny YA, Shalaby MA, El-Menshawy H, Abd El-Wahab AE. Isolation and characterization of Chitosan from shrimp shell
waste and the sustainable preparation of salicylic acid-loaded Chitosan nanoparticles for antibiofilm applications. Sci Rep. 2025;15(1):19263.
doi:10.1038/s41598-025-03355-3

El-Safy S, Tammam SN, Abdel-Halim M, et al. Collagenase loaded chitosan nanoparticles for digestion of the collagenous scar in liver fibrosis:
the effect of chitosan intrinsic collagen binding on the success of targeting. Eur J. Pharm. Biopharm. 2020;148:54-66. doi:10.1016/j.
€jpb.2020.01.003

Zhang W, Shi K, Yang J, et al. 3D printing of recombinant collagen/chitosan methacrylate/nanoclay hydrogels loaded with Kartogenin
nanoparticles for cartilage regeneration. Regen. Biomater. 2024;11. doi:10.1093/rb/rbac097

Nguyen -T-T, Vong LB, NN-y H, et al. Fabrication of electrospun polycaprolactone based membrane coated with curcumin chitosan
nanoparticles and gelatin for wound dressing application. Mater Today Commun. 2024;40:110077. doi:10.1016/j.mtcomm.2024.110077
Chanmontri M, Kiti K, Surassmo S, Grendahl L, Suwantong O. Effect of incorporating a-mangostin or curcumin-B-cyclodextrin inclusion
complexes on biological activities of injectable self-healing quaternized chitosan/oxidized pectin hydrogels for wound dressing applications.
Polymer. 2025;334:128721. doi:10.1016/j.polymer.2025.128721

Kaur K, Paiva SS, Caffrey D, Cavanagh BL, Murphy CM. Injectable chitosan/collagen hydrogels nano-engineered with functionalized single
wall carbon nanotubes for minimally invasive applications in bone. Mater Sci Eng C. 2021;128:112340. doi:10.1016/j.msec.2021.112340
Chen C, Wang Z, Fu H, Yu G, Luo X, Zhu K. Enhanced bioavailability of curcumin amorphous nanocomposite prepared by a green process
using modified starch. Int J Biol Macromol. 2024;270:132210. doi:10.1016/j.ijbiomac.2024.132210

Feyissa Z, Edossa GD, Gupta NK, Negera D. Development of double crosslinked sodium alginate/chitosan based hydrogels for controlled
release of metronidazole and its antibacterial activity. Heliyon. 2023;9(9):e20144-e20144. doi:10.1016/j.heliyon.2023.e20144

Budiman A, Nurani NV, Laelasari E, Muchtaridi M, Sriwidodo S, Aulifa DL. Effect of drug—polymer interaction in amorphous solid dispersion
on the physical stability and dissolution of drugs: the case of alpha-mangostin. Polymers. 2023;15(14):3034. doi:10.3390/polym15143034
Madian NG, Mohamed N. Enhancement of the dynamic mechanical properties of chitosan thin films by crosslinking with greenly synthesized
silver nanoparticles. J Mater Res Technol. 2020;9(6):12970-12975. doi:10.1016/j.jmrt.2020.09.028

Farasati Far B, Omrani M, Naimi Jamal MR, Javanshir S. Multi-responsive chitosan-based hydrogels for controlled release of vincristine.
Commun. Chem. 2023;6(1):28. doi:10.1038/s42004-023-00829-1

Verma J, Kanoujia J, Parashar P, Tripathi CB, Saraf SA. Wound healing applications of sericin/chitosan-capped silver nanoparticles incorporated
hydrogel. Drug Delivery Transl Res. 2017;7(1):77-88. doi:10.1007/s13346-016-0322-y

Fathi R, Mohammadi R. Preparation of pH-responsive magnetic nanocomposite hydrogels based on k-carrageenan/chitosan/silver nanoparticles:
antibacterial carrier for potential targeted anticancer drug delivery. Int J Biol Macromol. 2023;246:125546. doi:10.1016/j.ijbiomac.2023.125546
Ansari MN, Soliman GA, Rehman NU, Anwer MK. Crisaborole loaded nanoemulsion based chitosan gel: formulation, physicochemical
characterization and wound healing studies. Gels. 2022;8(5):318. do0i:10.3390/gels8050318

Dahma Z, Alvarez-alvarez C, de la Torre-Iglesias PM. A mini-review on enhancing solubility in topical hydrogel formulations using solid
dispersion technology for poorly water-soluble drugs. Colloids Interfaces. 2025;9(2):17. doi:10.3390/colloids9020017

Azaza YB, van der lee A, Li S, Nasri M, Nasri R, van der Lee A. Chitosan/collagen-based hydrogels for sustainable development: phycocyanin
controlled release. Sustainable Chem Pharm. 2023;31:100905. doi:10.1016/j.scp.2022.100905

Gong Y, Wang P, Cao R, et al. Exudate absorbing and antimicrobial hydrogel integrated with multifunctional curcumin-loaded magnesium
polyphenol network for facilitating burn wound healing. ACS Nano. 2023;17(22):22355-22370. doi:10.1021/acsnano.3c04556

Saghandali F, Baghban Salehi M, Taghikhani V. Hydrogel nanocomposite network elasticity parameters as a function of swelling ratio: from
micro to macro flooding. J Ind Eng Chem. 2023;125:163—177. doi:10.1016/j.jiec.2023.05.025

Thongchai K, Chuysinuan P, Thanyacharoen T, Techasakul S, Ummartyotin S. Integration of collagen into chitosan blend film composites:
physicochemical property aspects for pharmaceutical materials. SN Appl Sci. 2020;2(2):255. doi:10.1007/s42452-020-2052-5

Mousavi S, Khoshfetrat AB, Khatami N, Ahmadian M, Rahbarghazi R. Comparative study of collagen and gelatin in chitosan-based hydrogels
for effective wound dressing: physical properties and fibroblastic cell behavior. Biochem. Biophys. Res. Commun. 2019;518(4):625-631.
doi:10.1016/j.bbrc.2019.08.102

Abuhamed N, Arslan S, Oksiiz KE, Dinger E. From biopolymer matrix to medicine: the drug delivery dynamics of amoxicillin-loaded PVA/SA/
ZnONPs hydrogels. Int J Polym Mater Polym Biomater. 2025;74(6):484-496. doi:10.1080/00914037.2024.2351851

Herdiana Y, Wathoni N, Shamsuddin S, Muchtaridi M. Drug release study of the chitosan-based nanoparticles. Heliyon. 2022;8(1):e08674—
¢08674. doi:10.1016/j.heliyon.2021.e08674

Uddin MS, Khand S, Dong C. Effect of crosslinking agents on chitosan hydrogel carriers for drug loading and release for targeted drug delivery.
Gels. 2024;10(7):421. doi:10.3390/gels10070421

Guo S, Yao M, Zhang D, et al. One-step synthesis of multifunctional chitosan hydrogel for full-thickness wound closure and healing. Adv.
Healthcare Mater. 2022;11(4). doi:10.1002/adhm.202101808

Patrick M, Mohd Zohdi WNW, Abd Muid S, Omar E. Alpha(o)-mangostin (Xanthone of Garcinia mangostana L.): augmenting macrophages
activity for an effective diabetic wound healing. Trends Sci. 2024;21(10):8254. doi:10.48048/tis.2024.8254

Nanotechnology, Science and Applications 2026:19 https: 23


https://doi.org/10.3390/pharmaceutics14091798
https://doi.org/10.1016/j.molstruc.2021.132129
https://doi.org/10.1007/s00289-021-03998-y
https://doi.org/10.1016/j.carpta.2024.100515
https://doi.org/10.1016/j.carpta.2024.100515
https://doi.org/10.3390/ijms23105420
https://doi.org/10.1038/s41598-025-03355-3
https://doi.org/10.1016/j.ejpb.2020.01.003
https://doi.org/10.1016/j.ejpb.2020.01.003
https://doi.org/10.1093/rb/rbae097
https://doi.org/10.1016/j.mtcomm.2024.110077
https://doi.org/10.1016/j.polymer.2025.128721
https://doi.org/10.1016/j.msec.2021.112340
https://doi.org/10.1016/j.ijbiomac.2024.132210
https://doi.org/10.1016/j.heliyon.2023.e20144
https://doi.org/10.3390/polym15143034
https://doi.org/10.1016/j.jmrt.2020.09.028
https://doi.org/10.1038/s42004-023-00829-1
https://doi.org/10.1007/s13346-016-0322-y
https://doi.org/10.1016/j.ijbiomac.2023.125546
https://doi.org/10.3390/gels8050318
https://doi.org/10.3390/colloids9020017
https://doi.org/10.1016/j.scp.2022.100905
https://doi.org/10.1021/acsnano.3c04556
https://doi.org/10.1016/j.jiec.2023.05.025
https://doi.org/10.1007/s42452-020-2052-5
https://doi.org/10.1016/j.bbrc.2019.08.102
https://doi.org/10.1080/00914037.2024.2351851
https://doi.org/10.1016/j.heliyon.2021.e08674
https://doi.org/10.3390/gels10070421
https://doi.org/10.1002/adhm.202101808
https://doi.org/10.48048/tis.2024.8254

Kusnadi et al

90

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

. Patrick M, WN WMZ, Abd Muid S, Omar E. Alpha-mangostin (garcinia mangostana linn.) and its potential application in mitigating chronic
wound healing. Malays. Appl. Biol. 2022;51(2):1-8. doi:10.55230/mabjournal.v51i2.2227

Vitamia C, Iftinan GN, Latarissa IR, et al. a-Mangostin hydrogel film with chitosan alginate base for recurrent aphthous stomatitis (RAS)
treatment: study protocol for double-blind randomized controlled trial. Front Pharmacol. 2024;15. doi:10.3389/fphar.2024.1353503

Barari F, Maghsoudian S, Alinezhad V, et al. Effective topical delivery of astaxanthin via optimized chitosan-coated nanostructured lipid
carriers: a promising strategy for enhanced wound healing and tissue regeneration. J Drug Delivery Sci Technol. 2025;110:107052. doi:10.1016/
j-jddst.2025.107052

Yang Y, Ma Y, Wang J, et al. Chitosan-based mussel-inspired hydrogel for rapid self-healing and high adhesion of tissue adhesion and wound
dressings. Carbohydr. Polym. 2023;316:121083. doi:10.1016/j.carbpol.2023.121083

Kant V, Kumari P, Jitendra DK, Ahuja M, Kumar V. Nanomaterials of natural bioactive compounds for wound healing: novel drug delivery
approach. Curr Drug Delivery. 2021;18(10):1406-1425. doi:10.2174/1567201818666210729103712

Narisepalli S, Salunkhe SA, Chitkara D, Mittal A. Asiaticoside polymeric nanoparticles for effective diabetic wound healing through increased
collagen biosynthesis: in-vitro and in-vivo evaluation. Int J Pharm. 2023;631:122508. doi:10.1016/j.ijpharm.2022.122508

Castellano M, Dodero A, Scarfi S, et al. Chitosan—collagen electrospun nanofibers loaded with curcumin as wound-healing patches. Polymers.
2023;15(13):2931. doi:10.3390/polym15132931

Wathoni N, Rusdin A, Motoyama K, Joni IM, Lesmana R, Muchtaridi M. Nanoparticle drug delivery systems for a-mangostin. Nanotechnol.
Sci. Appl. 2020;13:23-36. doi:10.2147/NSA.S243017

Sajid A, Amjad M, Manzoor Q, et al. Synthesis of bimetallic oxides (SrO-CoO) nanoparticles decorated polyacrylamide hydrogels for
controlled drug release and wound healing applications. Int J Biol Macromol. 2024;274:133194. doi:10.1016/j.ijbiomac.2024.133194
Tahmasebi A, Sabahi Mohammadi N, Jamali B, et al. Synthesis and characterization of peptide-chitosan engineered nanoparticles as an ideal
platform for food preservation, cosmetics, and pharmaceutical applications. Polymer Rev. 2025;65(3):854-904. doi:10.1080/
15583724.2025.2485902

Caldera-Villalobos M, Ramos-Montafiez DG, Cabrera-Munguia DA, Becerra-Rodriguez JJ, Rodriguez-Fuentes N, Claudio-Rizo JA.
Biocompatible hydrogels comprised of collagen, chitosan and polyurethane with potential applications for wound healing and controlled
drug release. Poly Int. 2025;74(1):9-19. doi:10.1002/pi.6590

Park J, De R. Next-generation wound healing materials: role of biopolymers and their composites. Polymers. 2025;17(16):2244. doi:10.3390/
polym17162244

Ferreira PG, Ferreira VF, da Silva F, Freitas CS, Pereira PR, Paschoalin VMF. Chitosans and nanochitosans: recent advances in skin protection,
regeneration, and repair. Pharmaceutics. 2022;14(6):1307. doi:10.3390/pharmaceutics 14061307

Mansour MR, Ashour NA, Gaballah AM, et al. Comprehensive histopathological and immunohistochemical insights into wound healing from
cellular dynamics to translational applications. Adv. Anal. Pathol. 2025. doi:10.17582/journal.aap/2025/1.64.83

Tamnna ST, Mittal R, Kaushik P, Kaushik P. Advances in polymer-based scaffolding for enhanced wound healing: a comprehensive review.
Int J Polym Mater Polym Biomater. 2025;74(8):684—702. doi:10.1080/00914037.2024.2367208

Farasati Far B, Naimi-Jamal MR, Jahanbakhshi M, Rostamani H, Karimi M, Keihankhadiv S. Synthesis and characterization of chitosan/
collagen/polycaprolactone hydrogel films with enhanced biocompatibility and hydrophilicity for artificial tendon applications. Int J Biol
Macromol. 2023;253:127448. doi:10.1016/j.ijbiomac.2023.127448

Hameed H, Ahmad SM, Khan MA, et al. Chitosan as a multifunctional polymer in drug delivery systems for diabetic wound management.
Polym Bull. 2025;82(11):5241-5274. doi:10.1007/300289-025-05758-8

Zhang Q, Dou M, Su X, et al. Collagen-based biomaterials: recent advances on regulating cell migration and correlated biomedical applications.
Collagen and Leather. 2025;7(1):17. doi:10.1186/s42825-025-00197-7

Zandi N, Dolatyar B, Lotfi R, et al. Biomimetic nanoengineered scaffold for enhanced full-thickness cutaneous wound healing. Acta Biomater.
2021;124:191-204. doi:10.1016/j.actbio.2021.01.029

Nanotechnology, Science and Applications Dovepress

Taylor & Francis Group

Publish your work in this journal

Nanotechnology, Science and Applications is an international, peer-reviewed, open access journal that focuses on the science of nanotechnology
in a wide range of industrial and academic applications. It is characterized by the rapid reporting across all sectors, including engineering, optics,
bio-medicine, cosmetics, textiles, resource sustainability and science. Applied research into nano-materials, particles, nano-structures and
fabrication, diagnostics and analytics, drug delivery and toxicology constitute the primary direction of the journal. The manuscript management
system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/
testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/nanotechnology-science-and-applications-journal

24

. Nanotechnology, Science and Applications 2026:19
BHXinO


https://doi.org/10.55230/mabjournal.v51i2.2227
https://doi.org/10.3389/fphar.2024.1353503
https://doi.org/10.1016/j.jddst.2025.107052
https://doi.org/10.1016/j.jddst.2025.107052
https://doi.org/10.1016/j.carbpol.2023.121083
https://doi.org/10.2174/1567201818666210729103712
https://doi.org/10.1016/j.ijpharm.2022.122508
https://doi.org/10.3390/polym15132931
https://doi.org/10.2147/NSA.S243017
https://doi.org/10.1016/j.ijbiomac.2024.133194
https://doi.org/10.1080/15583724.2025.2485902
https://doi.org/10.1080/15583724.2025.2485902
https://doi.org/10.1002/pi.6590
https://doi.org/10.3390/polym17162244
https://doi.org/10.3390/polym17162244
https://doi.org/10.3390/pharmaceutics14061307
https://doi.org/10.17582/journal.aap/2025/1.64.83
https://doi.org/10.1080/00914037.2024.2367208
https://doi.org/10.1016/j.ijbiomac.2023.127448
https://doi.org/10.1007/s00289-025-05758-8
https://doi.org/10.1186/s42825-025-00197-7
https://doi.org/10.1016/j.actbio.2021.01.029
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Materials and Methods
	Materials
	Preparation of NPs (NPs)
	Three Categories of NPs Were Synthesized as Detailed Below

	Characterization of NPs
	Analysis of Particle Size and Zeta Potential
	Scanning Electron Microscopy (SEM)
	Encapsulation Efficiency
	Fourier-Transform Infrared Spectroscopy (FTIR)
	X-Ray Diffraction (XRD)
	Differential Scanning Calorimetry (DSC)

	Solubility Study
	Preparation of Hydrogel (HG)

	Characterization of HG
	pH Evaluation
	Spreadability
	Swelling Ratio
	In vitro Drug Release Studies
	In vivo Wound Healing Assay
	Statistic

	Results
	Characterization of NPs
	Analysis of Particle Size (PS) and Zeta Potential (ZP)
	SEM and Entrapment Efficiency (EE%)
	FTIR Analysis
	XRD Analysis
	DSC Analysis
	Solubility Study

	Characterization of HG
	Formulation and pH Measurement of HG

	Spreadability Evaluation
	Swelling Ratio
	In vitro Drug Release
	The invivo Wound Healing Assay

	Discussion
	Limitations and Future Directions
	Conclusion
	Acknowledgments
	Author Contributions
	Funding
	Disclosure

