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Abstract 
Diabetic foot ulcers (DFUs) are chronic non-healing wounds characterized by persistent inflammation, impaired angiogenesis, 
and delayed tissue regeneration. The present study aimed to develop and mechanistically evaluate an andrographolide-loaded 
nano-structured hydrogel (AG-NSH) for enhanced anti-inflammatory and pro-angiogenic activity in DFU management. 
Andrographolide, a bioactive diterpenoid from Andrographis paniculata, was incorporated into an oil-in-water nanoemulsion 
and subsequently embedded within a chitosan–Carbopol hydrogel matrix. The optimized nanoemulsion exhibited a mean 
particle size of 128.4 ± 6.3 nm, polydispersity index of 0.214 ± 0.02, zeta potential of −28.6 ± 1.9 mV, and entrapment efficiency 
of 87.2 ± 2.4%. The hydrogel demonstrated suitable pH (5.82 ± 0.12), pseudoplastic rheological behavior, and sustained drug 
release up to 48 hours following anomalous diffusion kinetics. Ex vivo studies confirmed enhanced dermal permeation with 
controlled flux. In vitro biological evaluation showed >85% cell viability in human dermal fibroblasts and keratinocytes. AG-
NSH significantly reduced TNF-α, IL-6, and COX-2 expression while restoring VEGF secretion and endothelial tube formation 
under hyperglycemic conditions. The dual anti-inflammatory and angiogenic modulation suggests that AG-NSH may offer a 
promising localized therapeutic approach for diabetic foot ulcer treatment. 
Keywords: Andrographolide; Nano-structured hydrogel; Diabetic foot ulcer; Anti-inflammatory activity; Angiogenesis; 
Sustained release. 
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1. Introduction 
Diabetic foot ulcer (DFU) represents one of the most severe 
and economically burdensome complications of diabetes 
mellitus. It is estimated that approximately 15–25% of 
individuals with diabetes develop foot ulcers during their 
lifetime, with a substantial proportion progressing to 
infection, hospitalization, and lower limb amputation. The 
pathogenesis of DFU is multifactorial, involving peripheral 
neuropathy, microvascular dysfunction, impaired immune 
response, and chronic inflammation. Persistent 
hyperglycaemia induces oxidative stress, endothelial damage, 
and dysregulated cytokine production, collectively disrupting 

the tightly regulated phases of wound healing. Unlike acute 
wounds that progress sequentially through hemostasis, 
inflammation, proliferation, and remodelling, diabetic 
wounds often remain trapped in a prolonged inflammatory 
state, resulting in delayed granulation tissue formation and 
insufficient re-epithelialization (Bhattacharya et al., 2026; 
Chan et al., 2026; Lázaro-Martínez et al., 2026; Mahmoud et 
al., 2026; Mariani et al., 2026; Meloni et al., 2026). 
Chronic inflammation is a hallmark feature of DFU. Elevated 
levels of pro-inflammatory cytokines such as tumour necrosis 
factor-alpha (TNF-α), interleukin-6 (IL-6), and 
cyclooxygenase-2 (COX-2) contribute to sustained tissue 
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damage and impaired fibroblast function. Excessive 
activation of nuclear factor kappa B (NF-κB) signalling 
further perpetuates inflammatory cascades, preventing the 
transition toward the proliferative phase of healing. 
Simultaneously, diabetic conditions impair angiogenesis, 
leading to inadequate oxygen and nutrient supply to 
regenerating tissues. Vascular endothelial growth factor 
(VEGF), a key mediator of neovascularization, is often 
downregulated under hyperglycaemic and oxidative stress 
conditions. The combined presence of persistent 
inflammation and insufficient angiogenesis creates a hostile 
wound microenvironment that delays healing and increases 
susceptibility to infection (Gao et al., 2025; Lee et al., 2025; 
Lin et al., 2025; H. Liu, X. Xiang, et al., 2025; H. Liu, S. 
Zhao, et al., 2025). 
Current treatment strategies for DFU primarily involve 
debridement, infection control, pressure off-loading, and 
application of topical dressings. While these approaches 
provide supportive care, they often fail to directly modulate 
underlying molecular abnormalities. Conventional topical 
anti-inflammatory agents may reduce inflammation 
temporarily but lack sustained release characteristics and do 
not adequately stimulate angiogenesis. Furthermore, poor 
drug solubility and limited dermal penetration reduce 
therapeutic efficacy. Therefore, there is a compelling need for 
advanced delivery systems capable of addressing multiple 
pathological mechanisms simultaneously while ensuring 
localized and controlled drug release (Han, 2025; Hanley & 
Manna, 2025; Jiao et al., 2025; Leme et al., 2025; Liu & Yu, 
2025; Y. Liu et al., 2025; Z. Liu et al., 2025; Lu et al., 2025). 
Andrographolide, a diterpenoid lactone isolated from 
Andrographis paniculata (Burm. f.) Wall. ex Nees, has 
attracted attention due to its potent anti-inflammatory, 
antioxidant, and immunomodulatory properties. Previous 
studies have demonstrated that andrographolide inhibits NF-
κB activation, suppresses TNF-α and IL-6 production, and 
downregulates COX-2 expression. In addition to its anti-
inflammatory effects, andrographolide has been reported to 
promote angiogenic signalling through modulation of VEGF 
and PI3K/Akt pathways. These dual pharmacological 
properties make it a promising candidate for DFU 
management. However, its clinical application is limited by 
poor aqueous solubility, low bioavailability, and rapid 
metabolic degradation (Han et al., 2023; Huang et al., 2023; 
Indirapriyadarshini et al., 2023; Jain & Sudandiradoss, 2023; 
Jiaqi et al., 2023; Yang et al., 2022; Yu et al., 2022; Yuan et 
al., 2022). 
Nanotechnology-based drug delivery systems offer a 
promising solution to these challenges. Nanoemulsions, 
characterized by droplet sizes typically below 200 nm, 
enhance solubilization of lipophilic compounds and improve 
dermal penetration through increased surface area and 

interaction with skin lipids. Incorporation of nanoemulsions 
into hydrogel matrices further enhances therapeutic potential 
by providing sustained release, prolonged residence time, and 
maintenance of a moist wound environment conducive to 
healing. Hydrogels composed of biocompatible polymers 
such as chitosan and Carbopol not only serve as drug carriers 
but also contribute to wound healing through bioadhesion, 
antimicrobial activity, and structural support (Alanazi & Ben 
Said, 2022; Elsheikh et al., 2021; Huang et al., 2022; Li et al., 
2022; Ramadani et al., 2021; Shrivastava & Kaur, 2023; Zhou 
et al., 2023). 
The present study was therefore designed to formulate and 
evaluate an andrographolide-loaded nano-structured hydrogel 
(AG-NSH) aimed at enhancing localized delivery, 
suppressing chronic inflammation, and restoring angiogenic 
balance in diabetic wound conditions. By integrating 
nanoemulsion technology with a bioadhesive hydrogel 
system, the formulation sought to overcome solubility 
limitations, improve dermal permeation, and provide 
sustained therapeutic action. The investigation further aimed 
to elucidate the mechanistic basis of its anti-inflammatory and 
pro-angiogenic effects using in vitro cellular models relevant 
to diabetic foot ulcer pathology. 
2. Materials and Methods 
2.1 Materials 
Andrographolide (≥98% purity), a bioactive diterpenoid 
lactone isolated from Andrographis paniculata (Burm. f.) 
Wall. ex Nees, was procured from a certified phytochemical 
supplier and authenticated by high-performance liquid 
chromatography prior to formulation development. The 
compound was stored in airtight amber containers at 4 ± 1 °C 
to prevent photolytic and oxidative degradation throughout 
the study. Capryol 90, isopropyl myristate (IPM), and oleic 
acid were screened as potential oil phases based on their 
biocompatibility and solubilization capacity. Tween 80 
(polysorbate 80) and Span 20 were evaluated as surfactants 
owing to their established safety profile in topical 
formulations. Polyethylene glycol 400 (PEG 400) and 
propylene glycol were assessed as co-surfactants to enhance 
interfacial flexibility and nanoemulsion stability. Chitosan 
(medium molecular weight, degree of deacetylation ≥85%) 
was selected for its intrinsic wound healing, antimicrobial, 
and bioadhesive properties. Carbopol 934P was used as a 
secondary polymer to impart structural strength and viscosity 
control. Glacial acetic acid, triethanolamine, methanol, 
phosphate-buffered saline (PBS, pH 7.4), and other reagents 
were of analytical grade. Human dermal fibroblast (HDF) 
cells and HaCaT keratinocyte cell lines were obtained from a 
recognized cell repository and maintained under sterile 
culture conditions in Dulbecco’s Modified Eagle Medium 
supplemented with 10% fetal bovine serum and 1% antibiotic 
solution. ELISA kits for TNF-α, IL-6, COX-2, and VEGF 
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quantification were procured from validated biotechnology 
suppliers. All biological reagents were of cell-culture grade. 
2.2 Preformulation Studies 
2.2.1 Solubility Analysis 
The solubility of andrographolide in various formulation 
components was systematically evaluated to identify the most 
suitable oil phase and surfactant system for nanoemulsion 
development. Since andrographolide exhibits poor aqueous 
solubility and moderate lipophilicity, optimization of the 
solvent environment was considered critical for achieving 
high entrapment efficiency and sustained drug release. An 
excess quantity of andrographolide was added to 2 mL of each 
selected oil, surfactant, and co-surfactant in sealed 
borosilicate vials. The mixtures were vortexed for uniform 
dispersion and subsequently placed in an orbital shaker 
maintained at 37 ± 1 °C for 72 hours to ensure equilibrium 
solubilization. After equilibration, samples were centrifuged 
at 10,000 rpm for 15 minutes to separate undissolved drug. 
The supernatant was carefully collected, filtered through a 
0.22 µm membrane filter, and diluted appropriately with 
methanol. Drug concentration was quantified using UV–
visible spectrophotometry at λmax 223 nm after calibration 
curve validation. Solubility values were expressed in mg/mL. 
The oil phase demonstrating the highest solubilization 
capacity was selected for nanoemulsion preparation, as 
enhanced drug solubility within the oil core directly 
influences encapsulation efficiency and formulation stability 
(Kulsirirat et al., 2021; Lapmanee et al., 2025; Talodthaisong 
et al., 2023; Ye et al., 2026; Zhou et al., 2023). 
2.2.2 Drug–Excipient Compatibility (FTIR) 
Fourier-transform infrared spectroscopy (FTIR) was 
performed to evaluate potential physicochemical interactions 
between andrographolide and selected excipients. 
Compatibility assessment was essential to ensure chemical 
stability during processing and storage. Pure andrographolide, 
individual polymers (chitosan and Carbopol 934P), and their 
physical mixtures (1:1 w/w) were analyzed using the 
potassium bromide (KBr) pellet technique. Approximately 2 
mg of sample was mixed with dry KBr powder, compressed 
into transparent discs, and scanned over a spectral range of 
4000–400 cm⁻¹ using an FTIR spectrophotometer. 
Characteristic functional group peaks of andrographolide 
were carefully examined, including: 

• O–H stretching (~3400 cm⁻¹) 
• C=O stretching of lactone (~1725 cm⁻¹) 
• C=C stretching (~1640 cm⁻¹) 
• C–O stretching (~1100–1200 cm⁻¹) 

Spectra obtained from physical mixtures were compared to 
those of pure drug. The absence of peak disappearance, 
broadening, or significant shifts indicated that no chemical 
interaction occurred between andrographolide and selected 
polymers, confirming compatibility within the hydrogel 

matrix (Kulsirirat et al., 2021; Lapmanee et al., 2025; 
Talodthaisong et al., 2023; Ye et al., 2026; Zhou et al., 2023). 
2.3 Preparation of Andrographolide Nanoemulsion 
The nanoemulsion was developed to enhance the solubility, 
stability, and dermal penetration of andrographolide, which 
inherently exhibits limited aqueous solubility and moderate 
permeability. The formulation strategy was designed to 
produce a stable oil-in-water (O/W) nanoemulsion with 
nanoscale droplet distribution to facilitate improved drug 
diffusion through the stratum corneum and sustained release 
within the wound microenvironment (Kulsirirat et al., 2021; 
Lapmanee et al., 2025; Talodthaisong et al., 2023; Ye et al., 
2026; Zhou et al., 2023). 
2.3.1 Selection of Oil, Surfactant, and Co-surfactant 
Selection of formulation components was based on solubility 
data, physicochemical compatibility, and dermal safety 
considerations. Capryol 90 demonstrated superior 
solubilization capacity for andrographolide among the tested 
oils and was therefore selected as the oil phase. The relatively 
medium-chain lipid nature of Capryol 90 was considered 
advantageous for enhancing dermal absorption due to its 
permeation-enhancing properties (Kulsirirat et al., 2021; 
Lapmanee et al., 2025; Talodthaisong et al., 2023; Ye et al., 
2026; Zhou et al., 2023). Tween 80 was selected as the 
primary surfactant owing to its high hydrophilic–lipophilic 
balance (HLB ~15), which favors formation of oil-in-water 
nanoemulsions. Additionally, Tween 80 possesses good 
dermatological tolerance and has been widely used in topical 
nanoformulations. PEG 400 was chosen as the co-surfactant 
because of its ability to reduce interfacial tension further and 
improve the flexibility of the interfacial film, thereby 
facilitating the formation of smaller droplet sizes. The 
selection criteria also included non-irritancy, regulatory 
acceptance for topical application, and compatibility with 
hydrogel polymers (Kulsirirat et al., 2021; Lapmanee et al., 
2025; Lu et al., 2026; Prasathkumar & Sadhasivam, 2021). 
2.3.2 Construction of Pseudo-Ternary Phase Diagram 
To determine the optimal composition range capable of 
forming a stable nanoemulsion, pseudo-ternary phase 
diagrams were constructed using the aqueous titration 
method. This approach enabled identification of the 
nanoemulsion region based on visual transparency and 
isotropy. Surfactant and co-surfactant were mixed in 
predetermined ratios (Smix ratios of 1:1, 2:1, and 3:1). Each 
Smix ratio was blended with the selected oil phase in varying 
weight proportions ranging from 1:9 to 9:1. Distilled water 
was added dropwise under continuous magnetic stirring at 
ambient temperature. After each addition, the mixture was 
visually inspected for clarity and homogeneity. The point at 
which turbidity or phase separation occurred was recorded. 
Transparent, low-viscosity, and isotropic systems were 
classified as nanoemulsion regions. These compositions were 
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mapped on triangular coordinate graphs to delineate the 
nanoemulsion zone. The Smix ratio that generated the widest 
nanoemulsion region and demonstrated rapid self-
emulsification without phase instability was selected for final 
formulation preparation (Kulsirirat et al., 2021; Lapmanee et 
al., 2025; Lu et al., 2026; Prasathkumar & Sadhasivam, 
2021). 
2.3.3 Preparation Method 
The optimized nanoemulsion was prepared using high-speed 
homogenization followed by probe sonication to achieve 
nanoscale droplet distribution. Initially, andrographolide was 
dissolved in the selected oil phase under gentle magnetic 
stirring at 40 °C to ensure complete solubilization. The pre-
mixed surfactant–co-surfactant blend (Smix) was then 
gradually added to the oil phase while maintaining continuous 
stirring to form a uniform pre-concentrate. Distilled water was 
incorporated slowly under high-speed homogenization at 
12,000–15,000 rpm for 10 minutes to form a coarse emulsion. 
Subsequently, the coarse emulsion was subjected to probe 
sonication for 5 minutes using pulsed cycles (30 seconds on, 
10 seconds off) to minimize thermal degradation and reduce 
droplet size. The resulting nanoemulsion was allowed to 
equilibrate at room temperature and visually examined for 
transparency, homogeneity, and absence of phase separation. 
The formulation was stored in airtight glass containers for 
further characterization. The underlying mechanism of 
droplet size reduction was attributed to the combined effects 
of mechanical shear forces and acoustic cavitation generated 
during sonication. These forces disrupted larger droplets into 
nanoscale structures while surfactant molecules stabilized the 
newly formed interfaces, preventing coalescence (Kulsirirat et 
al., 2021; Lapmanee et al., 2025; Lu et al., 2026; 
Prasathkumar & Sadhasivam, 2021). 
2.4 Characterization of Nanoemulsion 
Comprehensive physicochemical characterization of the 
developed andrographolide nanoemulsion was performed to 
evaluate droplet size distribution, colloidal stability, drug 
encapsulation efficiency, and morphological characteristics. 
These parameters were critical to ensure formulation 
uniformity, stability during storage, and enhanced dermal 
delivery performance. 
2.4.1 Particle Size and Polydispersity Index 
The mean droplet size and polydispersity index (PDI) of the 
nanoemulsion were determined using dynamic light scattering 
(DLS) based on photon correlation spectroscopy. 
Measurements were performed using a Malvern Zetasizer at 
25 ± 0.5 °C. Prior to analysis, the nanoemulsion sample was 
diluted 1:100 with filtered distilled water to prevent multiple 
scattering effects and to ensure accurate particle size 
measurement. The refractive index of the dispersed phase and 
viscosity of the medium were entered into the instrument 
software according to manufacturer specifications. The 

average hydrodynamic diameter (z-average) was recorded in 
nanometers, and PDI values were obtained as a measure of 
size distribution uniformity. A PDI value below 0.3 was 
considered indicative of a narrow size distribution and 
homogenous droplet population. 
Each measurement was performed in triplicate, and results 
were expressed as mean ± standard deviation. Small droplet 
size was considered essential for enhancing surface area, 
improving dermal penetration, and ensuring sustained release 
of andrographolide within the wound microenvironment 
(Kulsirirat et al., 2021; Lapmanee et al., 2025; Lu et al., 2026; 
Prasathkumar & Sadhasivam, 2021). 
2.4.2 Zeta Potential 
Zeta potential analysis was conducted to assess the 
electrostatic stability of the nanoemulsion system. 
Measurements were carried out using electrophoretic light 
scattering on the same instrument. The nanoemulsion sample 
was diluted appropriately with distilled water and transferred 
into a folded capillary cell. The electrophoretic mobility of 
droplets was measured under an applied electric field, and zeta 
potential values were calculated using the Smoluchowski 
equation. Zeta potential values greater than ±25 mV were 
considered indicative of sufficient electrostatic repulsion to 
prevent droplet aggregation. Stable surface charge was 
particularly important for maintaining long-term dispersion 
stability and preventing coalescence during storage (Kulsirirat 
et al., 2021; Lapmanee et al., 2025; Lu et al., 2026; 
Prasathkumar & Sadhasivam, 2021). 
2.4.3 Entrapment Efficiency 
Entrapment efficiency (EE%) was determined to quantify the 
proportion of andrographolide successfully encapsulated 
within the nanoemulsion droplets. The nanoemulsion was 
subjected to ultracentrifugation at 20,000 rpm for 30 minutes 
at 4 °C. The supernatant containing free (unencapsulated) 
drug was carefully separated and filtered. The concentration 
of free andrographolide was quantified using UV–visible 
spectrophotometry at 223 nm after suitable dilution with 
methanol. Entrapment efficiency was calculated using the 
formula (Kulsirirat et al., 2021; Lapmanee et al., 2025; Lu et 
al., 2026; Prasathkumar & Sadhasivam, 2021): 

EE (%) = (Total Drug - Free Drug) / Total Drug × 100 
High entrapment efficiency was considered essential to ensure 
adequate drug loading, minimize drug wastage, and maintain 
prolonged therapeutic activity at the wound site. 
2.4.4 Transmission Electron Microscopy (TEM) 
The morphological characteristics and structural integrity of 
nanoemulsion droplets were evaluated using transmission 
electron microscopy (TEM). A small volume of diluted 
nanoemulsion was placed onto a carbon-coated copper grid 
and allowed to adsorb for 2 minutes. Excess liquid was 
removed using filter paper. The sample was negatively stained 
with 1% phosphotungstic acid to enhance contrast and then 



Formulation and Mechanistic Evaluation of Andrographolide-Loaded Nano-Structured Hydrogel for Enhanced 
Angiogenic and Anti-Inflammatory Activity in Diabetic Foot Ulcer Management 

 

IJDDT, Volume 16 Issue 10s, 2026 Page 823 

 

air-dried at room temperature. The grids were examined under 
TEM at appropriate magnifications. Droplet shape, surface 
smoothness, and size distribution were visually assessed. 
Spherical morphology with uniform distribution was 
considered indicative of successful nanoemulsion formation. 
TEM analysis provided complementary confirmation of 
particle size findings obtained from DLS and allowed 
visualization of nanoscale architecture (Kulsirirat et al., 2021; 
Lapmanee et al., 2025; Lu et al., 2026; Prasathkumar & 
Sadhasivam, 2021). 
2.5 Formulation of Nano-Structured Hydrogel 
The nano-structured hydrogel was developed as a dual-
function delivery platform capable of providing sustained 
drug release, enhanced dermal retention, and a moist wound 
healing environment. The hydrogel matrix was designed to 
combine the bioadhesive and intrinsic wound-healing 
properties of chitosan with the viscosity-modulating and 
structural reinforcement capability of Carbopol 934P 
(Kulsirirat et al., 2021; Lapmanee et al., 2025; Lu et al., 2026; 
Prasathkumar & Sadhasivam, 2021). 
2.5.1 Selection of Polymer Matrix (Chitosan–Carbopol 
System) 
Chitosan was selected as the primary polymer due to its 
biocompatibility, biodegradability, hemostatic activity, and 
intrinsic antimicrobial effects. Additionally, chitosan 
possesses a positive surface charge in mildly acidic 
conditions, which facilitates interaction with negatively 
charged cell membranes and enhances tissue adhesion. These 
characteristics were considered particularly advantageous for 
diabetic wounds, where microbial colonization and delayed 
epithelialization are common. Carbopol 934P was 
incorporated as a secondary polymer to improve mechanical 
strength, viscosity, and gel consistency. Carbopol forms a 
three-dimensional crosslinked network upon neutralization, 
enabling entrapment of the nanoemulsion droplets within the 
hydrogel matrix. Chitosan (1% w/v) was dissolved in 1% v/v 
glacial acetic acid under continuous magnetic stirring for 6 
hours until a clear solution was obtained. Carbopol 934P 
(0.5% w/v) was separately dispersed in distilled water and 
allowed to hydrate overnight to ensure complete swelling and 
uniform polymer dispersion. The two polymer solutions were 
then blended under slow mechanical stirring to obtain a 
homogeneous gel base. The interaction between protonated 
amino groups of chitosan and carboxyl groups of Carbopol 
contributed to the formation of a semi-interpenetrating 
polymer network, enhancing gel stability and mucoadhesive 
properties (Kulsirirat et al., 2021; Lapmanee et al., 2025; Lu 
et al., 2026; Prasathkumar & Sadhasivam, 2021). 
2.5.2 Incorporation of Nanoemulsion 
The optimized andrographolide nanoemulsion was 
incorporated into the hydrated polymer matrix under 
controlled stirring conditions to ensure uniform distribution 

without destabilizing the nanoscale droplets. The 
nanoemulsion was added gradually to the chitosan–Carbopol 
gel base while stirring at 500 rpm to avoid air entrapment. 
Triethanolamine was added dropwise to neutralize the 
Carbopol component and adjust the pH of the formulation to 
a physiologically acceptable range (5.5–6.5), suitable for 
topical application and compatible with the slightly acidic 
wound environment. Homogeneity was ensured through 
gentle stirring for an additional 20 minutes. The final 
formulation was visually inspected for uniformity, absence of 
phase separation, and smooth texture. Entrapment of 
nanoemulsion droplets within the polymeric network was 
expected to reduce droplet mobility, thereby providing 
sustained release of andrographolide while maintaining 
localized drug concentration at the wound site (Kulsirirat et 
al., 2021; Lapmanee et al., 2025; Lu et al., 2026; 
Prasathkumar & Sadhasivam, 2021). 
2.5.3 pH and Rheological Evaluation 
The pH of the developed nano-structured hydrogel was 
measured using a calibrated digital pH meter. Approximately 
1 g of hydrogel was dispersed in 10 mL of distilled water and 
allowed to equilibrate before measurement. Maintaining a pH 
close to physiological skin pH was essential to prevent 
irritation and ensure patient compliance. Rheological 
behaviour was evaluated using a Brookfield viscometer 
equipped with appropriate spindle geometry. Measurements 
were conducted at varying rotational speeds to determine flow 
characteristics and shear-thinning behaviour. The formulation 
was assessed for pseudoplastic flow, which is desirable for 
topical preparations. Pseudoplastic systems exhibit decreased 
viscosity under shear stress (during spreading) and regain 
viscosity upon removal of stress, ensuring adequate residence 
time at the application site. The viscosity profile also provided 
insight into the structural integrity of the polymer network and 
its ability to retain nanoemulsion droplets without 
sedimentation (Kulsirirat et al., 2021; Lapmanee et al., 2025; 
Lu et al., 2026; Prasathkumar & Sadhasivam, 2021). 
2.6 In Vitro Drug Release Study 
The in vitro drug release profile of andrographolide from the 
nano-structured hydrogel was evaluated to determine the 
release kinetics, diffusion behaviour, and sustained delivery 
potential of the formulation. Sustained and controlled drug 
release was considered critical for diabetic foot ulcer 
management, as prolonged local exposure to anti-
inflammatory and pro-angiogenic agents supports tissue 
regeneration and reduces repeated application frequency. 
Drug release studies were performed using a vertical Franz 
diffusion cell apparatus with an effective diffusion area of 
approximately 2.5 cm². A dialysis membrane (molecular 
weight cut-off 12,000–14,000 Da) was soaked overnight in 
phosphate-buffered saline (PBS, pH 7.4) prior to mounting. 
The hydrated membrane was carefully clamped between the 



Formulation and Mechanistic Evaluation of Andrographolide-Loaded Nano-Structured Hydrogel for Enhanced 
Angiogenic and Anti-Inflammatory Activity in Diabetic Foot Ulcer Management 

 

IJDDT, Volume 16 Issue 10s, 2026 Page 824 

 

donor and receptor compartments, ensuring no air bubbles 
were trapped. The receptor compartment was filled with PBS 
(pH 7.4) containing 0.5% v/v Tween 80 to maintain sink 
conditions for andrographolide, which exhibits limited 
aqueous solubility. The receptor medium was maintained at 
37 ± 0.5 °C using a circulating water bath and stirred 
continuously at 600 rpm using a magnetic stirrer to simulate 
physiological conditions (Kulsirirat et al., 2021; Lapmanee et 
al., 2025; Lu et al., 2026; Prasathkumar & Sadhasivam, 
2021). Approximately 1 g of nano-structured hydrogel 
containing a predetermined quantity of andrographolide was 
uniformly applied to the donor compartment. At 
predetermined time intervals (0.5, 1, 2, 4, 6, 8, 12, 24, 36, and 
48 hours), 1 mL samples were withdrawn from the receptor 
compartment and immediately replaced with fresh pre-
warmed medium to maintain constant volume. The withdrawn 
samples were filtered and analyzed spectrophotometrically at 
223 nm after suitable dilution. Cumulative drug release (%) 
was calculated and plotted against time. To elucidate the 
release mechanism, data were fitted to various kinetic models 
including zero-order, first-order, Higuchi diffusion model, 
and Korsmeyer–Peppas model. The model exhibiting the 
highest regression coefficient (R²) was considered the best-fit 
model. The release exponent (n value) obtained from the 
Korsmeyer–Peppas model was used to determine whether 
drug release followed Fickian diffusion, anomalous transport, 
or polymer relaxation-controlled mechanisms. The sustained 
release behaviour was attributed to dual mechanisms: (i) 
diffusion of andrographolide from nanoemulsion droplets and 
(ii) subsequent diffusion through the crosslinked hydrogel 
network. The polymeric matrix acted as a secondary diffusion 
barrier, prolonging drug availability at the wound interface 
(Kulsirirat et al., 2021; Lapmanee et al., 2025; Lu et al., 2026; 
Prasathkumar & Sadhasivam, 2021). 
2.7 Ex Vivo Skin Permeation Study 
To evaluate the dermal permeation behaviour of 
andrographolide from the nano-structured hydrogel, ex vivo 
permeation studies were conducted using excised porcine 
skin. Porcine skin was selected due to its close structural and 
permeability resemblance to human skin. Fresh porcine skin 
was obtained from a local slaughter facility and thoroughly 
washed with normal saline. Subcutaneous fat and connective 
tissues were carefully removed using surgical scissors without 
damaging the dermal layer. The skin was inspected for 
integrity and cut into appropriate sections matching the 
diffusion cell area. The prepared skin was mounted between 
donor and receptor compartments of a Franz diffusion cell 
with the stratum corneum facing the donor side. The receptor 
chamber was filled with PBS (pH 7.4) containing 0.5% Tween 
80 to maintain sink conditions and maintained at 37 ± 0.5 °C 
under continuous stirring. An accurately weighed quantity of 
hydrogel was applied uniformly over the skin surface in the 

donor compartment. At predetermined time intervals (1, 2, 4, 
6, 8, 12, and 24 hours), receptor fluid samples were withdrawn 
and replaced with fresh medium. Drug concentration was 
quantified spectrophotometrically. The cumulative amount of 
drug permeated per unit area (µg/cm²) was calculated. Steady-
state flux (J) was determined from the slope of the linear 
portion of the permeation curve, and the permeability 
coefficient (Kp) was calculated using (Altamimi et al., 2021; 
Galinytė et al., 2024; Jakubczyk et al., 2024; Jamali et al., 
2024; Rizzo et al., 2025): 

𝐾! =
𝐽
𝐶"

 

where 𝐶"represents the initial drug concentration in the donor 
compartment. 
Enhanced permeation was attributed to nanoscale droplet size, 
increased surface area, and the penetration-enhancing 
properties of surfactant and oil components. Furthermore, the 
hydrogel matrix ensured prolonged contact time with the skin, 
improving drug retention. 
2.8 Biological Evaluation 
In vitro biological evaluation was conducted to investigate the 
safety profile, anti-inflammatory efficacy, and pro-angiogenic 
potential of the andrographolide-loaded nano-structured 
hydrogel (AG-NSH). Since diabetic foot ulcers are 
characterized by chronic inflammation, impaired fibroblast 
migration, reduced keratinocyte proliferation, and 
compromised angiogenesis, the biological studies were 
designed to simulate key aspects of the diabetic wound 
microenvironment . 
 
 
2.8.1 Cytotoxicity Assessment (MTT Assay on Human 
Dermal Fibroblasts and Keratinocytes) 
The cytocompatibility of AG-NSH was evaluated using the 
MTT assay on human dermal fibroblast (HDF) cells and 
HaCaT keratinocyte cell lines. These two cell types were 
selected because fibroblasts are responsible for extracellular 
matrix synthesis and granulation tissue formation, while 
keratinocytes play a central role in re-epithelialization during 
wound healing. 
Cells were cultured in Dulbecco’s Modified Eagle Medium 
supplemented with 10% fetal bovine serum and incubated at 
37 °C in a humidified atmosphere containing 5% CO₂. Cells 
were seeded into 96-well plates at a density of 1 × 10⁴ cells 
per well and allowed to attach overnight. The culture medium 
was replaced with fresh medium containing different 
concentrations of AG-NSH equivalent to andrographolide 
doses ranging from 5 to 200 µg/mL. Control wells received 
untreated medium. After 24 hours of incubation, 20 µL of 
MTT solution (5 mg/mL in PBS) was added to each well and 
incubated for an additional 4 hours. Following incubation, the 
medium was carefully removed, and the purple formazan 
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crystals formed by metabolically active cells were dissolved 
in dimethyl sulfoxide (DMSO). Absorbance was measured at 
570 nm using a microplate reader. Cell viability (%) was 
calculated as (Jumana et al., 2000; Pinto et al., 2017; Vikas et 
al., 2019; Youssef et al., 2021; Zohmachhuana et al., 2022): 

Cell Viability (%) = (Absorbance of treated cells / 
Absorbance of control cells) × 100 

The absence of significant reduction in cell viability indicated 
cytocompatibility of the formulation. Maintenance of 
fibroblast and keratinocyte viability was considered essential 
for supporting wound healing processes. 
2.8.2 Anti-Inflammatory Activity 
The anti-inflammatory potential of AG-NSH was assessed 
using lipopolysaccharide (LPS)-stimulated HDF cells to 
mimic the inflammatory microenvironment of diabetic 
wounds. Chronic overproduction of pro-inflammatory 
cytokines such as TNF-α and IL-6 is a hallmark of delayed 
wound healing in diabetes. HDF cells were seeded in 24-well 
plates and allowed to reach 80% confluency. Cells were 
stimulated with LPS (1 µg/mL) for 6 hours to induce 
inflammatory response. After stimulation, cells were treated 
with AG-NSH at predetermined concentrations and incubated 
for 24 hours. Supernatants were collected and centrifuged to 
remove cellular debris. Quantification of TNF-α and IL-6 
levels was performed using enzyme-linked immunosorbent 
assay (ELISA) kits according to manufacturer protocols. In 
addition, COX-2 expression was analyzed using ELISA and 
further confirmed by Western blot analysis. For Western 
blotting, total protein was extracted using RIPA buffer, 
quantified using the Bradford method, and separated via SDS-
PAGE. Proteins were transferred to PVDF membranes, 
incubated with primary antibodies against COX-2, followed 
by HRP-conjugated secondary antibodies. Bands were 
visualized using chemiluminescence detection. Reduction in 
cytokine levels and COX-2 expression indicated suppression 
of inflammatory signalling pathways, likely mediated through 
inhibition of NF-κB activation by andrographolide (do 
Nascimento Silva et al., 2017; Duan et al., 2021; Santos et al., 
2021; Somwong & Theanphong, 2021; Yeh et al., 2005). 
2.8.3 Angiogenic Activity 
Impaired angiogenesis is a critical factor contributing to non-
healing diabetic ulcers. Therefore, the pro-angiogenic 
potential of AG-NSH was evaluated through VEGF 
quantification and in vitro tube formation assay. 
VEGF Quantification 
HDF cells were treated with AG-NSH under normoglycemic 
and high-glucose conditions to simulate diabetic stress. After 
24 hours of treatment, culture supernatants were collected and 
analyzed for vascular endothelial growth factor (VEGF) 
levels using ELISA kits. Increased VEGF secretion indicated 
stimulation of angiogenic signalling pathways, essential for 
neovascularization and tissue regeneration (Fan et al., 2021; 

Ghalehbandi et al., 2023; Herrera-Vargas et al., 2021; Hu et 
al., 2024). 
Tube Formation Assay 
The ability of AG-NSH to promote endothelial cell 
organization into capillary-like structures was assessed using 
a tube formation assay. Human umbilical vein endothelial 
cells (HUVECs) were seeded onto Matrigel-coated 96-well 
plates at a density of 1 × 10⁴ cells per well. Cells were treated 
with AG-NSH and incubated for 6 hours. Formation of tubular 
networks was observed under an inverted microscope. Images 
were captured, and quantitative analysis was performed using 
ImageJ software to determine total tube length, number of 
junctions, and branching points. Enhanced tube formation 
compared to control indicated improved angiogenic potential 
of the formulation. The mechanism was hypothesized to 
involve modulation of VEGF signalling and restoration of 
endothelial function compromised under hyperglycaemic 
conditions (Fan et al., 2021; Ghalehbandi et al., 2023; 
Herrera-Vargas et al., 2021; Hu et al., 2024). 
2.9 Stability Studies 
Stability studies were conducted to evaluate the 
physicochemical integrity, drug retention capacity, and 
colloidal stability of the andrographolide-loaded nano-
structured hydrogel (AG-NSH) under different environmental 
conditions. Stability assessment was essential to ensure that 
the formulation maintained its structural characteristics, 
therapeutic efficacy, and safety during storage. The study was 
performed in accordance with International Council for 
Harmonisation (ICH) stability guidelines for topical dosage 
forms. The formulation was filled into airtight, opaque 
containers to protect it from light exposure and stored under 
the following conditions (Fakhariha et al., 2025; Račić et al., 
2025): 

• Refrigerated condition: 4 ± 2 °C 
• Intermediate condition: 25 ± 2 °C / 60 ± 5% relative 

humidity 
• Accelerated condition: 40 ± 2 °C / 75 ± 5% relative 

humidity 
Samples were withdrawn at 0, 1, 2, and 3 months for 
evaluation . 
Physicochemical Evaluation 
At each time point, the formulation was visually inspected for 
changes in colour, homogeneity, odour, and phase separation. 
The presence of creaming, cracking, or syneresis was 
carefully recorded. pH was measured using a calibrated digital 
pH meter to detect any changes that could indicate polymer 
degradation or hydrolytic instability of andrographolide. 
Significant shifts in pH could potentially affect skin 
compatibility and drug stability. Viscosity was determined 
using a Brookfield viscometer at standardized spindle speed 
and temperature conditions. Changes in viscosity were 
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interpreted as indicators of polymer network alteration or 
droplet aggregation within the hydrogel matrix. 
Particle Size and Zeta Potential Monitoring 
The nanoemulsion droplets entrapped within the hydrogel 
were re-dispersed in distilled water and analyzed for particle 
size and zeta potential using dynamic light scattering. 
Monitoring droplet size over time allowed detection of 
aggregation, coalescence, or Ostwald ripening phenomena. A 
stable droplet size distribution with minimal increase 
indicated structural stability of the nanoemulsion within the 
polymer network. 
Drug Content Analysis 
Drug content was quantified at each stability interval. 
Approximately 1 g of hydrogel was dissolved in methanol 
under sonication to extract andrographolide. The solution was 
filtered and analyzed spectrophotometrically at 223 nm. 
Percentage drug remaining was calculated relative to initial 
drug content. A drug content retention of ≥90% was 
considered acceptable and indicative of chemical stability. 
Any significant reduction in drug content, increase in droplet 
size, or alteration in viscosity under accelerated conditions 
was interpreted as possible degradation due to thermal stress 
or polymer relaxation. Stability under intermediate and 
refrigerated conditions was considered indicative of 
acceptable shelf-life potential. 
2.10 Statistical Analysis 
All experiments were performed in triplicate to ensure 
reproducibility and minimize experimental error. Data were 
expressed as mean ± standard deviation. Statistical 
comparisons between groups were conducted using one-way 
analysis of variance (ANOVA) followed by Tukey’s post hoc 
test for multiple comparisons. Statistical analysis was 
performed using GraphPad Prism software. A p-value less 
than 0.05 was considered statistically significant. For kinetic 
modelling of drug release, regression coefficients (R²) were 
calculated for zero-order, first-order, Higuchi, and 
Korsmeyer–Peppas models. The model with the highest R² 
value was considered the best fit. The release exponent (n) 
from the Korsmeyer–Peppas equation was interpreted to 
determine the mechanism of drug release (Fickian diffusion, 
anomalous transport, or polymer-controlled release). For 
biological assays, comparisons between treated and control 
groups were analyzed using ANOVA followed by appropriate 
post hoc tests. Differences in cytokine levels, VEGF 
secretion, and tube formation parameters were evaluated for 
statistical significance. 
3. Results and Discussion 
3.1 Preformulation Studies 
3.1.1 Solubility Analysis 
Solubility screening was performed to identify the most 
appropriate oil phase and surfactant system capable of 
solubilizing andrographolide effectively. Since 

andrographolide is poorly water-soluble, selection of a high-
solubilizing oil phase was critical to achieve optimal drug 
loading within the nanoemulsion core. 
 
 
Table 1. Solubility of Andrographolide in Various Excipients 

Component Type Solubility (mg/mL) ± 
SD 

Capryol 90 Oil 52.6 ± 1.8 
Isopropyl 
Myristate 

Oil 34.2 ± 1.2 

Oleic Acid Oil 28.5 ± 1.4 
Tween 80 Surfactant 41.7 ± 1.6 
Span 20 Surfactant 18.9 ± 0.9 
PEG 400 Co-

surfactant 
46.3 ± 1.5 

Propylene Glycol Co-
surfactant 

25.6 ± 1.1 

 
Capryol 90 exhibited the highest solubilization capacity (52.6 
mg/mL), nearly 1.5-fold greater than IPM and oleic acid. This 
enhanced solubilization was attributed to its medium-chain 
triglyceride structure, which provided a favourable lipophilic 
microenvironment for andrographolide encapsulation. Tween 
80 demonstrated superior solubilization among surfactants 
due to its polyoxyethylene chains that enhance interfacial 
stabilization. PEG 400 showed higher solubilization capacity 
compared to propylene glycol, likely due to better hydrogen 
bonding interactions with andrographolide. The combination 
of Capryol 90, Tween 80, and PEG 400 was therefore selected 
for nanoemulsion preparation. 
3.1.2 Drug–Excipient Compatibility (FTIR) 
FTIR spectra confirmed compatibility between 
andrographolide and selected polymers. 
Key characteristic peaks of pure andrographolide were 
observed at: 

• 3392 cm⁻¹ (O–H stretching) 
• 1723 cm⁻¹ (C=O stretching of lactone ring) 
• 1642 cm⁻¹ (C=C stretching) 

These peaks were preserved in the physical mixture spectra 
without significant shift or disappearance. 
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Figure 1. FTIR Spectra of (1) Pure Andrographolide, (2) 
Chitosan, (3) Carbopol 934P, and (4) Physical Mixture 

The absence of new peaks or peak broadening suggested that 
no chemical interaction occurred between andrographolide 
and the hydrogel polymers. This confirmed formulation 
stability at the molecular level. 
3.2 Nanoemulsion Characterization 
3.2.1 Particle Size and Polydispersity Index 
The optimized nanoemulsion demonstrated nanoscale droplet 
distribution with narrow size variation. 
Table 2. Particle Size and PDI of Optimized Nanoemulsion 

Parameter Value ± SD 
Mean Particle Size (nm) 128.4 ± 6.3 
Polydispersity Index 0.214 ± 0.02 

 
The mean particle size of approximately 128 nm indicated 
successful formation of nanoscale droplets. PDI below 0.3 
confirmed uniform droplet distribution. Smaller droplet size 
was expected to enhance dermal penetration by increasing 
surface area and facilitating close contact with stratum 
corneum lipids. In diabetic wounds, where tissue perfusion is 
compromised, nanoscale delivery is particularly 
advantageous for local drug accumulation. 
3.2.2 Zeta Potential 
The zeta potential of the optimized nanoemulsion was found 
to be: 
Table 3. Zeta Potential of Nanoemulsion 

Parameter Value ± SD 
Zeta Potential (mV) −28.6 ± 1.9 

 
The negative surface charge close to −30 mV suggested 
adequate electrostatic repulsion between droplets, preventing 
aggregation. The presence of non-ionic surfactant (Tween 80) 
contributed to steric stabilization in addition to electrostatic 
stability. Such stability is essential for long-term storage and 
uniform drug distribution within the hydrogel matrix. 
3.2.3 Entrapment Efficiency 
Entrapment efficiency was calculated to assess drug 
incorporation. 
Table 4. Entrapment Efficiency 

Parameter Value ± SD 
Entrapment Efficiency (%) 87.2 ± 2.4 

 
High entrapment efficiency (>85%) indicated effective 
solubilization of andrographolide within the oil core. This 
high loading capacity ensured sustained therapeutic levels 
during prolonged wound treatment. 
3.2.4 Transmission Electron Microscopy (TEM) 
TEM images revealed spherical, uniformly distributed 
droplets with smooth surfaces. 

 
Figure 2. TEM Micrograph of Andrographolide 

Nanoemulsion Showing Spherical Droplets (~120–140 
nm) 

The droplet sizes observed under TEM correlated well with 
DLS findings, confirming nanoscale architecture. 
3.3 Characterization of Nano-Structured Hydrogel 
After successful development of the andrographolide 
nanoemulsion, it was incorporated into the chitosan–Carbopol 
matrix to obtain the nano-structured hydrogel (AG-NSH). The 
physicochemical properties of the hydrogel were evaluated to 
determine suitability for topical application in diabetic foot 
ulcer management. 
3.3.1 pH Evaluation 
The pH of the developed hydrogel was measured to ensure 
compatibility with the physiological skin environment and to 
prevent irritation upon application. 
Table 5. pH of Andrographolide Nano-Structured Hydrogel 

Formulation pH (Mean ± SD) 
AG-NSH 5.82 ± 0.12 

 
The pH of 5.82 was within the acceptable range for topical 
formulations (5.0–6.5). This mildly acidic pH was considered 
beneficial because chronic diabetic wounds often exhibit 
alkaline pH, which promotes bacterial proliferation. 
Restoration toward physiological acidity may contribute to 
improved wound healing and microbial control. The stable pH 
also indicated chemical compatibility between nanoemulsion 
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components and polymer matrix without hydrolytic 
degradation. 
3.3.2 Rheological Properties 
Rheological evaluation demonstrated that AG-NSH exhibited 
pseudoplastic (shear-thinning) behavior. 
Table 6. Viscosity Profile of AG-NSH at Different Shear 
Rates 

Shear Rate (rpm) Viscosity (cP) ± SD 
10 18,420 ± 215 
20 15,310 ± 198 
50 11,740 ± 176 
100 8,920 ± 150 

 
The viscosity decreased with increasing shear rate, confirming 
pseudoplastic flow. This behaviour is advantageous for 
topical application because the formulation becomes less 
viscous during spreading (facilitating easy application) and 
regains viscosity upon rest, enhancing retention at the wound 
site. The high baseline viscosity was attributed to the 
interpenetrating polymer network formed between chitosan 
and Carbopol. Electrostatic interactions between protonated 
amine groups of chitosan and carboxyl groups of Carbopol 
contributed to structural reinforcement. Such rheological 
properties are critical for diabetic wounds, where prolonged 
contact time enhances localized therapeutic effect and 
minimizes frequent reapplication. 
 
3.4 In Vitro Drug Release Study 
The release profile of andrographolide from AG-NSH was 
evaluated over 48 hours. 
Table 7. Cumulative Drug Release from AG-NSH 

Time (h) Cumulative Release (%) ± SD 
1 9.4 ± 0.8 
2 15.7 ± 1.1 
4 23.6 ± 1.4 
6 31.2 ± 1.7 
8 39.8 ± 1.9 
12 52.3 ± 2.1 
24 68.7 ± 2.5 
36 78.9 ± 2.3 
48 86.4 ± 2.7 

 

 
Figure 3. In Vitro Release Profile of Andrographolide 

from Nano-Structured Hydrogel over 48 Hours 
The formulation demonstrated sustained release with 
approximately 86% drug release at 48 hours. An initial 
moderate release during the first 6–8 hours was followed by 
controlled diffusion. Kinetic modelling revealed the following 
regression coefficients: 
Table 8. Kinetic modelling - regression coefficients 

Model R² Value 
Zero-order 0.912 
First-order 0.948 

Higuchi 0.973 
Korsmeyer–Peppas 0.981 

 
The Korsmeyer–Peppas model provided the best fit (R² = 
0.981). The release exponent (n = 0.61) indicated anomalous 
(non-Fickian) transport, suggesting combined diffusion and 
polymer relaxation mechanisms. 
The sustained release behavior was attributed to dual barriers: 

1. Drug diffusion from nanoemulsion droplets. 
2. Subsequent diffusion through the hydrogel matrix. 

This controlled release is particularly advantageous in 
diabetic foot ulcers, where prolonged anti-inflammatory 
activity is required to suppress chronic inflammatory 
signalling. 
3.5 Ex Vivo Skin Permeation Study 
The ex vivo permeation study was conducted using excised 
porcine skin to evaluate the dermal delivery potential of 
andrographolide from the nano-structured hydrogel (AG-
NSH). Since diabetic foot ulcers involve compromised dermal 
vasculature and impaired drug penetration, enhancement of 
local permeation without systemic overflow was considered 
essential. 
 
 
3.5.1 Cumulative Drug Permeation 
Table 9. Ex Vivo Permeation Profile of Andrographolide 
from AG-NSH 
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Time 
(h) 

Cumulative Amount Permeated (µg/cm²) ± 
SD 

1 12.8 ± 1.1 
2 24.5 ± 1.6 
4 41.7 ± 2.2 
6 58.4 ± 2.8 
8 73.9 ± 3.1 
12 95.6 ± 3.5 
24 126.3 ± 4.2 

 

 
Figure 4. Ex Vivo Permeation Profile of Andrographolide 

from Nano-Structured Hydrogel across Porcine Skin 
A steady increase in cumulative permeation was observed 
over 24 hours, reaching approximately 126 µg/cm². The linear 
portion of the permeation curve between 4–12 hours was used 
to calculate steady-state flux. 
3.5.2 Permeation Parameters 
Table 10. Steady-State Flux (µg/cm²/h) and Permeability 
Coefficient (Kp) (cm/h ×10⁻³) 

Parameter Value ± SD 
Steady-State Flux (µg/cm²/h) 8.72 ± 0.54 
Permeability Coefficient (Kp) (cm/h ×10⁻³) 3.48 ± 0.21 

 
The enhanced permeation was attributed to multiple factors: 

1. Nanoscale droplet size (~128 nm): Increased 
surface area improved intimate contact with stratum 
corneum lipids. 

2. Presence of surfactant (Tween 80): Surfactants 
disrupt lipid packing in the stratum corneum, 
enhancing drug diffusion. 

3. Oil phase effect: Capryol 90 acted as a penetration 
enhancer by altering skin lipid organization. 

4. Hydrogel retention: The polymer matrix prolonged 
residence time, preventing rapid drug loss. 

Importantly, permeation was controlled rather than excessive, 
indicating that the system favored localized dermal delivery 
rather than systemic absorption. This is desirable in DFU 
management, where local therapeutic action is prioritized. 

3.6 In Vitro Cytotoxicity Assessment 
Cytocompatibility of AG-NSH was evaluated using the MTT 
assay on human dermal fibroblasts (HDF) and HaCaT 
keratinocytes. 
 
Table 11. Cell Viability (%) After 24-Hour Exposure to AG-
NSH 

Concentration 
(µg/mL) 

HDF Viability 
(%) ± SD 

HaCaT Viability 
(%) ± SD 

5 99.2 ± 2.1 98.6 ± 1.9 
25 97.5 ± 2.3 96.8 ± 2.0 
50 94.8 ± 2.7 93.9 ± 2.4 
100 91.6 ± 3.1 90.4 ± 2.8 
200 87.9 ± 3.5 85.6 ± 3.2 

 

 
Figure 5. Cell Viability of HDF and HaCaT Cells Treated 

with AG-NSH 
Cell viability remained above 85% even at the highest 
concentration tested (200 µg/mL), indicating excellent 
cytocompatibility. No significant morphological alterations 
were observed under microscopic examination. Maintenance 
of fibroblast viability is critical because fibroblasts synthesize 
collagen and extracellular matrix components required for 
granulation tissue formation. Similarly, keratinocyte survival 
supports re-epithelialization. These findings suggested that 
AG-NSH did not exert cytotoxic effects at therapeutically 
relevant concentrations. 
3.7 Anti-Inflammatory Activity 
Chronic inflammation is a defining feature of diabetic foot 
ulcers, characterized by sustained elevation of pro-
inflammatory cytokines such as TNF-α and IL-6, along with 
upregulation of cyclooxygenase-2 (COX-2). Therefore, the 
anti-inflammatory potential of the andrographolide nano-
structured hydrogel (AG-NSH) was evaluated in 
lipopolysaccharide (LPS)-stimulated human dermal 
fibroblasts (HDF). 
3.7.1 Effect on TNF-α and IL-6 Secretion 
Following LPS stimulation, a significant increase in pro-
inflammatory cytokine secretion was observed compared to 
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untreated control cells. Treatment with AG-NSH resulted in 
dose-dependent suppression of inflammatory cytokines. 
Table 12. Effect of AG-NSH on Pro-Inflammatory Cytokine 
Levels 

Treatment Group TNF-α 
(pg/mL) ± SD 

IL-6 (pg/mL) 
± SD 

Control (Untreated) 48.2 ± 3.1 36.4 ± 2.5 
LPS-Stimulated 182.6 ± 6.8 149.3 ± 5.4 
LPS + AG-NSH (25 
µg/mL) 

132.4 ± 5.7 108.9 ± 4.8 

LPS + AG-NSH (50 
µg/mL) 

96.8 ± 4.3 79.5 ± 3.9 

LPS + AG-NSH (100 
µg/mL) 

62.1 ± 3.6 52.7 ± 3.1 

 

 
Figure 6. Suppression of TNF-α and IL-6 in LPS-

Stimulated HDF Cells Treated with AG-NSH 
LPS stimulation increased TNF-α levels nearly four-fold 
compared to control. Treatment with AG-NSH at 100 µg/mL 
reduced TNF-α levels by approximately 66% relative to LPS 
group (p < 0.05). A similar trend was observed for IL-6. The 
anti-inflammatory effect was attributed to andrographolide-
mediated inhibition of NF-κB signalling. Andrographolide is 
known to suppress phosphorylation of IκBα, thereby 
preventing nuclear translocation of NF-κB and subsequent 
transcription of inflammatory cytokines. 
3.7.2 Effect on COX-2 Expression 
COX-2 is a key enzyme involved in prostaglandin synthesis 
and inflammatory amplification. Western blot analysis 
confirmed suppression of COX-2 expression following AG-
NSH treatment. 
 
 
Table 13. Relative COX-2 Expression (Normalized to β-
Actin) 

Treatment Group Relative COX-2 Expression 
± SD 

Control 1.00 ± 0.05 
LPS-Stimulated 3.84 ± 0.18 

LPS + AG-NSH (50 
µg/mL) 

2.11 ± 0.14 

LPS + AG-NSH (100 
µg/mL) 

1.29 ± 0.09 

 

 
Figure 7. Western Blot Analysis Showing 

Downregulation of COX-2 Following AG-NSH 
Treatment 

COX-2 expression was markedly elevated under 
inflammatory stimulation. Treatment with AG-NSH reduced 
COX-2 expression close to baseline levels at higher 
concentration. Suppression of COX-2 suggested attenuation 
of prostaglandin-mediated inflammatory cascades, which are 
known to prolong the inflammatory phase of diabetic wounds. 
The combined reduction in TNF-α, IL-6, and COX-2 
indicated that AG-NSH effectively modulated key 
inflammatory mediators implicated in delayed wound healing. 
3.8 Angiogenic Activity 
Impaired angiogenesis is a major pathological feature of 
diabetic foot ulcers, resulting from endothelial dysfunction, 
reduced VEGF signalling, and oxidative stress. Therefore, the 
pro-angiogenic potential of the andrographolide nano-
structured hydrogel (AG-NSH) was evaluated through VEGF 
quantification and endothelial tube formation assays. 
3.8.1 VEGF Secretion Under Normoglycemic and 
Hyperglycaemic Conditions 
To simulate the diabetic microenvironment, human dermal 
fibroblasts were exposed to high-glucose conditions (30 mM 
glucose). Hyperglycaemia significantly reduced VEGF 
secretion compared to normoglycemic control, confirming 
suppression of angiogenic signalling. 
Treatment with AG-NSH resulted in dose-dependent 
restoration of VEGF levels. 
Table 14. Effect of AG-NSH on VEGF Secretion 

Treatment Group VEGF (pg/mL) ± 
SD 

Normoglycemic Control 182.4 ± 6.2 
High Glucose Control 96.7 ± 4.8 
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High Glucose + AG-NSH (25 
µg/mL) 

124.3 ± 5.1 

High Glucose + AG-NSH (50 
µg/mL) 

149.6 ± 5.9 

High Glucose + AG-NSH (100 
µg/mL) 

173.2 ± 6.4 

 

 
Figure 8. Restoration of VEGF Secretion in 

Hyperglycaemic Fibroblasts Treated with AG-NSH 
Hyperglycaemia reduced VEGF secretion by nearly 47% 
compared to normoglycemic control. Treatment with AG-
NSH at 100 µg/mL restored VEGF levels to approximately 
95% of normal levels (p < 0.05). The restoration of VEGF 
secretion suggested that andrographolide mitigated 
hyperglycaemia-induced oxidative stress and inflammatory 
signalling, both of which suppress angiogenic growth factor 
expression. Mechanistically, andrographolide is known to 
modulate PI3K/Akt and MAPK pathways, which are involved 
in endothelial survival and VEGF regulation. Suppression of 
NF-κB may also indirectly promote angiogenic balance by 
reducing inflammatory interference. 
3.8.2 Tube Formation Assay 
The functional angiogenic potential was further evaluated 
using a tube formation assay on human umbilical vein 
endothelial cells (HUVECs). Under high-glucose conditions, 
endothelial cells exhibited impaired network formation, 
reduced branching points, and shortened tube length. 
Treatment with AG-NSH significantly improved capillary-
like structure formation. 
Table 15. Quantitative Analysis of Tube Formation 
Parameters 

Treatment Group Total Tube 
Length (µm) ± 

SD 

Number of 
Junctions ± 

SD 
Normoglycemic 

Control 
12,480 ± 520 86 ± 4 

High Glucose Control 6,740 ± 410 42 ± 3 
High Glucose + AG-

NSH (50 µg/mL) 
9,860 ± 480 63 ± 3 

High Glucose + AG-
NSH (100 µg/mL) 

11,920 ± 505 81 ± 4 

 

 
Figure 9. Representative Micrographs Showing 

Enhanced Capillary-Like Structure Formation Following 
AG-NSH Treatment 

High glucose reduced tube length by approximately 46% and 
junction formation by nearly 50%. Treatment with AG-NSH 
at 100 µg/mL restored tube length to approximately 95% of 
normoglycemic levels. These findings indicated that AG-
NSH effectively reversed hyperglycaemia-induced 
endothelial dysfunction. The improved angiogenic activity 
was likely mediated through enhanced VEGF signalling, 
reduction of oxidative stress, and stabilization of endothelial 
cell survival pathways. 
The combined anti-inflammatory and pro-angiogenic effects 
observed in vitro suggested a dual therapeutic mechanism 
particularly suitable for diabetic foot ulcer management. 
Chronic inflammation in DFU leads to persistent elevation of 
TNF-α and IL-6, which inhibit fibroblast proliferation and 
angiogenesis. By suppressing these cytokines and 
downregulating COX-2 expression, AG-NSH appeared to 
interrupt the prolonged inflammatory phase and facilitate 
transition toward the proliferative phase of wound healing. 
Simultaneously, restoration of VEGF secretion and 
enhancement of endothelial tube formation suggested that the 
formulation promoted neovascularization. Angiogenesis is 
essential for oxygen delivery, nutrient supply, and granulation 
tissue formation in ischemic diabetic wounds. The nano-
structured delivery system contributed to improved biological 
performance by: 

1. Enhancing dermal penetration of andrographolide. 
2. Providing sustained drug release. 
3. Maintaining localized therapeutic concentration. 
4. Minimizing cytotoxicity. 

These mechanistic findings supported the hypothesis that 
combining nanoemulsion-based delivery with a bioadhesive 
hydrogel matrix enhances the therapeutic profile of 
andrographolide in wound healing applications. 
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3.9 Stability Study Results 
Stability evaluation was performed to determine the 
physicochemical robustness and drug retention capacity of the 
andrographolide nano-structured hydrogel (AG-NSH) under 
different storage conditions. Monitoring stability was 
essential to assess shelf-life potential and ensure consistent 
therapeutic performance. The formulation was evaluated over 
a period of three months under refrigerated (4 ± 2 °C), 
intermediate (25 ± 2 °C / 60% RH), and accelerated (40 ± 2 
°C / 75% RH) conditions. 
3.9.1 Physical Appearance and pH 
No visible signs of phase separation, creaming, cracking, or 
syneresis were observed under refrigerated and intermediate 
conditions. However, slight viscosity reduction was noted 
under accelerated storage after three months. 
Table 16. pH Changes During Stability Study 

Storage 
Condition 

Initial 
pH 

Month 
1 

Month 
2 

Month 
3 

4 °C 5.82 ± 
0.12 

5.81 ± 
0.10 

5.79 ± 
0.11 

5.78 ± 
0.13 

25 °C / 60% 
RH 

5.82 ± 
0.12 

5.80 ± 
0.11 

5.77 ± 
0.14 

5.74 ± 
0.16 

40 °C / 75% 
RH 

5.82 ± 
0.12 

5.75 ± 
0.15 

5.68 ± 
0.17 

5.61 ± 
0.19 

 
A slight reduction in pH was observed under accelerated 
conditions, likely due to minor polymer relaxation or 
hydrolytic stress. However, all values remained within the 
acceptable dermatological range (5.0–6.5). 
3.9.2 Particle Size Stability 
Table 17. Particle Size Changes During Stability Study 

Storage 
Condition 

Initial Size 
(nm) 

Month 3 Size 
(nm) 

4 °C 128.4 ± 6.3 131.2 ± 6.8 
25 °C / 60% RH 128.4 ± 6.3 134.5 ± 7.1 
40 °C / 75% RH 128.4 ± 6.3 142.8 ± 8.4 

 
Minimal increase in droplet size was observed at 4 °C and 25 
°C conditions. Under accelerated storage, particle size 
increased by approximately 11%, suggesting mild droplet 
aggregation due to thermal stress. However, droplet size 
remained within nanoscale range, indicating structural 
stability of the nanoemulsion within the hydrogel matrix. 
3.9.3 Drug Content Retention 
Table 18. Drug Content (%) During Stability Study 

Storage 
Condition 

Initial 
(%) 

Month 
1 

Month 
2 

Month 
3 

4 °C 100 ± 
1.2 

99.2 ± 
1.5 

98.6 ± 
1.7 

97.8 ± 
1.9 

25 °C / 60% 
RH 

100 ± 
1.2 

98.7 ± 
1.8 

97.4 ± 
2.0 

95.9 ± 
2.2 

40 °C / 75% 
RH 

100 ± 
1.2 

97.5 ± 
2.1 

94.2 ± 
2.4 

91.6 ± 
2.8 

 
Drug content retention remained above 95% under 
refrigerated and intermediate conditions after three months. 
Under accelerated storage, drug content decreased to 
approximately 91.6%, indicating moderate thermal 
degradation. Retention above 90% under stress conditions 
suggested acceptable stability and potential shelf-life 
suitability under normal storage conditions. 
Integrated Discussion of Stability Findings 
The stability results demonstrated that AG-NSH maintained 
physicochemical integrity under recommended storage 
conditions. The minimal changes in pH and droplet size under 
refrigerated and intermediate conditions indicated that the 
polymeric matrix effectively protected nanoemulsion droplets 
from coalescence. The slight increase in particle size under 
accelerated conditions was attributed to enhanced Brownian 
motion and possible reduction in steric stabilization efficiency 
at elevated temperatures. However, the nanoscale architecture 
was preserved. Drug degradation under thermal stress likely 
occurred due to hydrolytic cleavage of the lactone ring of 
andrographolide, which is sensitive to high temperature and 
humidity. Nevertheless, the hydrogel matrix appeared to 
provide partial protection by limiting exposure to 
environmental stressors. Collectively, the stability findings 
confirmed that the nano-structured hydrogel system possessed 
adequate physical and chemical stability for topical 
therapeutic use. 
3.10 Overall Discussion 
The present investigation demonstrated that the nano-
structured hydrogel platform significantly enhanced the 
therapeutic profile of andrographolide for diabetic foot ulcer 
management. The nanoemulsion system reduced droplet size 
to approximately 128 nm, ensuring improved dermal 
permeation and sustained release. High entrapment efficiency 
(87%) indicated efficient drug loading, minimizing wastage 
and maximizing local concentration. The hydrogel matrix 
provided structural integrity, bioadhesion, and controlled 
release behavior characterized by anomalous diffusion. 
Pseudoplastic rheology ensured ease of application with 
prolonged retention at the wound site. Biologically, AG-NSH 
suppressed key inflammatory mediators (TNF-α, IL-6, COX-
2), which are central to chronic inflammation in diabetic 
wounds. Simultaneously, it restored VEGF secretion and 
improved endothelial tube formation, indicating promotion of 
angiogenesis. The dual mechanism—anti-inflammatory 
suppression combined with angiogenic stimulation—directly 
addressed two major pathological barriers in diabetic foot 
ulcer healing. The nano-structured delivery system enhanced 
local drug bioavailability while maintaining 
cytocompatibility. Overall, the formulation demonstrated 
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physicochemical stability, sustained release behavior, 
enhanced dermal permeation, anti-inflammatory activity, and 
pro-angiogenic potential, supporting its suitability as a 
promising therapeutic strategy for diabetic wound 
management. 
4. Conclusion 
The present study successfully developed and evaluated an 
andrographolide-loaded nano-structured hydrogel (AG-NSH) 
designed to address key pathological mechanisms underlying 
diabetic foot ulcers. The nanoemulsion system achieved 
nanoscale droplet size with high entrapment efficiency, 
ensuring enhanced solubilization and sustained delivery of 
andrographolide. Incorporation into a chitosan–Carbopol 
hydrogel matrix provided structural integrity, bioadhesion, 
and controlled release behaviour characterized by anomalous 
diffusion kinetics. Physicochemical characterization 
confirmed acceptable pH, pseudoplastic rheological 
behaviour, and nanoscale stability over the study period. Ex 
vivo permeation studies demonstrated improved dermal 
penetration while maintaining localized drug retention, which 
is essential for topical management of chronic wounds. 
Biological evaluation revealed that AG-NSH exhibited 
excellent cytocompatibility toward human dermal fibroblasts 
and keratinocytes. The formulation significantly suppressed 
pro-inflammatory mediators including TNF-α, IL-6, and 
COX-2 under inflammatory conditions, indicating effective 
modulation of chronic inflammatory signalling pathways. 
Furthermore, restoration of VEGF secretion and enhancement 
of endothelial tube formation confirmed the pro-angiogenic 
potential of the formulation, addressing impaired 
neovascularization commonly observed in diabetic wounds. 
Collectively, the nano-structured hydrogel provided a dual 
therapeutic mechanism—attenuation of inflammation and 
stimulation of angiogenesis—thereby supporting progression 
from the inflammatory to the proliferative phase of wound 
healing. These findings suggest that AG-NSH represents a 
promising localized therapeutic strategy for diabetic foot ulcer 
management and warrants further in vivo and clinical 
evaluation. 
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