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Efforts to improve wound healing outcomes have led to research on novel 

dressings. This study focuses on developing curcumin-embedded nanocomposite 

hydrogels for the efficient delivery of curcumin (Cur) in wound healing. Although Cur 

has potent healing properties, its poor aqueous solubility hinders its effectiveness. To 

address this, curcumin nanosuspension (Cur-NS) and curcumin liposome (Cur-L) 

formulations were optimized using the Box-Behnken design to enhance particle size, 

size distribution, zeta potential, and Cur content. The optimized nano-Curs were then 

evaluated for morphology, drug release profile, cytotoxicity, and healing efficacy 

based on antioxidant and cell migration effects. The amorphization of Cur-NS was 

assessed through its thermal properties, crystallinity, and stability. The hydrogel 

formulations were optimized using a simplex centroid mixture design and a central 

composite design. Cur-NS was incorporated into genipin-crosslinked chitosan-

polyvinylpyrrolidone (CS-PVP) hydrogel, while a polyvinylpyrrolidone-co-itaconic 

acid (PNVP-ITA) copolymer was synthesized to enhance the properties of the 

hydrogel containing hyaluronic acid (HA), polyvinyl alcohol (PVA), and Cur -L 

embedded into the HA/PVA/PNVP-ITA hydrogel. Interactions between hydrogels and 

nano-Curs were assessed using Fourier-transform infrared spectroscopy (FTIR). Their 

drug release kinetics were studied, and in vivo, skin recovery was investigated on 

incisional wounds of the Wistar rat model. The optimized Cur-NS, containing 2% 

Tween® 20, 4.97% Pluronic® F127, and 1 mg/mL Cur, yielded stable nano-sized 

particles with a slight negative charge and a Cur content of 1.16 ± 0.03 mg/mL. Cur-

NS (5% w/w of polymers) was incorporated into the optimized hydrogels containing 

70% CS and 30% PVP, achieving 97.54 ± 4.54% loading efficiency. Meanwhile, the 

optimized liposomes were constructed from 2.7% Tween® 20, 0.04% oleic acid, and 

8.1% Cur, yielding negatively charged particles with a narrow size distribution and a 

Cur content of 19.92 ± 0.54 µg/mg. The optimized hydrogel contained 5% HA and 

10% PVA, with properties improved by adding synthesized PNVP-ITA. Cur-L (0.5% 

w/w of polymers) was successfully integrated into the HA/PVA/PNVP-ITA hydrogel 

via absorption with an efficiency of 95.22 ± 4.24%. Nano-Curs enhanced its 

antioxidant effect in an aqueous medium by improving its solubility. Both Cur-NSs 

and Cur-Ls were released from the hydrogel matrix via diffusion-erosion and 

diffusion-controlled mechanisms, following the Korsmeyer-Peppas model. These 

hydrogels were safe for normal human fibroblast (NHF) cells and induced skin 

recovery faster than a commercial patch within 5 days. Overall, this study offers a 

promising solution for wound care. 
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LPS   Lipopolysaccharide 

MBA   N, N'-methylene bis-acrylamide 

mg   Milligram 

mg/g   Milligram per gram 

mg/kg   Milligram per kilogram 

mg/mL   Milligram per milliliter 

min   Minute(s) 

mL   Milliliter 

mm   Millimeter 

mM   Millimolar 

mm/s   Millimeter per second 

mm2   Square millimeter 

MMP   Matrix metalloproteinase 

MS   Mechanical strength 
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MTT   3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide 

mV   Millivolts 

MW   Molecular weight 

MWCO  Molecular weight cut-off 

n   Numbers 

NHF    Normal human foreskin fibroblasts 

nm   Nanometer 

NPs   Nanoparticles 

NS   Nanosuspension 

NVP   N-vinyl pyrrolidone 

O2   Oxygen 

PBS   Phosphate buffer saline 

PC   Phosphatidylcholine 

PDGF   Platelet-derived growth factor 

PDI   Polydispersity Index 

PNVP-ITA  Poly(vinylpyrrolidone-co-itaconic acid) 

ppm   Parts per million 

PVA   Polyvinyl alcohol 

PVP   Polyvinylpyrrolidone 

PXRD   Powder X-ray diffraction 

R2   Regression coefficient 

RH   Relative humidity 

ROS   Reactive oxygen species 
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RPM   Round per minute 

S.aureus  Staphylococcus aureus 

SD   Standard deviation 

SEM   Scanning electron microscopy 

TEM   Transmission Electron Microscopy 

TGF-ꞵ   Transforming growth factor-ꞵ 

TNF-α   Tumor necrosis factor- α 

TSA   Trypticase soy agar 

TSB   Tryptic soy broth 

UV   Ultraviolet 

UV-vis   Ultraviolet-visible 

v/v   Volume by volume 

V50   2,2'-Azobis(2-methylpropionamidine) dihydrochloride 

w/v   Weight by volume 

w/w   Weight by weight 

WVTR   Water vapor transmission rate 

 



 

CHAPTER 1 

INTRODUCTION 

1.1. Statement of the problem and its significance 

The skin, the outermost layer of the body, is susceptible to injuries due to its 

protective functions against the environment. Skin injuries, such as bruises, ulcers, and 

cuts, generally heal efficiently through a well-regulated healing process. 

Approximately, 300 million people suffer from severe acute wounds including burns, 

traumatic, and surgical wounds, and face challenges in healing completely. The healing 

processes are often interrupted by various factors such as infections, foreign bodies, 

hypoxia, or metabolic issues of the wound microenvironment, leading to chronic or 

non-healing wounds (1). The rising prevalence of chronic wounds globally is a 

concerning trend. This increase is primarily due to the intricate healing challenges in 

patients with conditions such as aging, diabetes, obesity, and persistent infections. The 

global advanced wound care market is estimated to reach $18.7 billion by 2027 (2). The 

growing number of severely acute and chronic wounds and associated costs impact the 

health care system and quality of life.  

Wound dressings play a vital role in achieving rapid and complete wound healing, 

there is a massive rising demand for new and effective wound dressing materials 

ensuring effective wound management and optimal recovery. Traditional dressings 

have been used to stop bleeding, absorb fluids, and protect wounds from harm. 

However, they provide limited benefits for wound closure and infection prevention. 

Moreover, their strong adherence to the wound surface may lead to further lesions to 

new tissue during the removal of the dressing. As they rely on a passive healing 

approach, the extensive use of these materials is unreliable in managing chronic or hard-

to-heal wounds (3). Advanced dressings such as hydrogel, film, foam, and hydrocolloid 

have been developed to accelerate the wound healing process, avoid wound 

complications, and enhance patient compliance. Fundamentally, these dressings 

provide a moist environment around the wound to reduce scar formation and aid cell 

migration, facilitating the healing process (4). Among advanced dressings, hydrogels 

have gained great interest in the development of innovative wound dressings to address 

the challenges in wound care.  
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Hydrogels possess a porous and hydrated three-dimensional (3D) polymeric 

network that mimics natural soft tissues, providing an environment beneficial to wound 

healing. Hydrogels create a moist environment around the wound, which is important 

for rapid healing. Hydrogel dressings offer soothing and cooling effects, providing pain 

relief for the patient. Hydrogels can absorb significant wound exudate, maintain a clean 

wound bed, and prevent infections. Hydrogels exchange gases like CO2, O2, and H2O, 

enabling the wound tissues to breathe (5). Their network structures enable the 

incorporation of various biomolecules and active compounds, facilitating controlled or 

efficient drug delivery. Their versatility makes them a promising dressing material for 

developing wound care solutions. Hydrogel networks can be formed by the chemical 

or physical crosslinking between a wide range of natural or synthetic polymeric chains. 

The choice of polymers and crosslinking strategies is crucial in designing a hydrogel. 

Natural polymers are the preferred choice for hydrogel synthesis due to their intrinsic 

biocompatibility and immunomodulatory properties, which aid in wound repair. 

Chitosan (CS), a natural cationic polysaccharide obtained from partial deacetylation of 

chitin, is attractive as a promising dressing material. This is due to its abundant natural 

source and its biocompatibility, cellular binding capacity, wound healing, and 

antimicrobial activity (6). Hyaluronic acid (HA) is a biopolymer composed of repeated 

disaccharide units of glucuronic acid and N-acetylglucosamine. Its hydrophilic 

properties allow it to form a 3D network, enabling the gradual release of encapsulated 

active compounds. HA has excellent biocompatibility and biological functions, such as 

promoting keratinocyte migration and angiogenesis, contributing to wound healing 

without scarring (7). Biopolymer hydrogels often lack the mechanical strength and 

stability required for specific wound types, particularly deep or heavily exudating 

wounds. Adding synthetic polymers to the network is often necessary to address this 

limitation. This approach combines the desirable biological and chemical properties of 

polysaccharides and synthetic polymers, resulting in wound dressings that exhibit 

superior mechanical strength and biological functionality. The selected synthetic 

polymers for this study are polyvinylpyrrolidone (PVP) and polyvinyl alcohol (PVA). 

PVP is a nonionic, synthetic polymer known to confer high polarity, cross-linkable due 

to its structure. PVP hydrogels have been attracted for controlled drug release systems, 

wound dressings, as they are biological inert, biocompatible (8). PVA is a synthetic 
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biocompatible polymer that has been employed as the main component of several 

hydrogel dressings, owing to its relatively high mechanical strength, water retention, 

and gel-forming characteristics (9). Regarding crosslinking techniques, genipin-

crosslinked chitosan hydrogels have gained attention due to the growing demand for 

biocompatible hydrogels. Genipin, a biological extract, obtained from gardenia fruit 

has low toxicity compared to other chemical crosslinkers such as glutaraldehyde (10). 

It is also known as an effective crosslinker for polymers containing amino groups like 

chitosan. The freeze-thaw process is indeed a popular physical cross-linking method 

for creating hydrogels. It is known for its simplicity as it does not require special 

techniques, instruments, or reagents. This method can result in hydrogels with high 

biocompatibility, excellent mechanical properties, a good swelling ratio, and non-toxic 

characteristics. It's a cost-effective and straightforward way to create hydrogels with 

desirable properties (11). In contrast, chemical crosslinking creates stronger bonds 

within the hydrogel network, resulting in improved mechanical strength and stability of 

physical hydrogels. Thus, the metal coordination complex is a safe chemical cross-link 

procedure suitable for biomedical applications (12). Polymers rich in hydroxyl, 

carbonyl, and carboxyl groups facilitate the formation of metal-coordinate covalent 

bonds, resulting in a compact hydrogel with enhanced toughness and durability, making 

it suitable for wound healing (13). 

Treatment of chronic and severely acute wounds requires active interventions, 

including either drugs or bioactive molecules integrated into the dressing or the dressing 

material. There is increasing interest in plant-derived bioactive compounds because of 

their lower side effects and diverse biological properties for wound healing. One potent 

natural compound is curcumin (Cur), derived from Curcuma longa Linn. Due to their 

importance in wound healing, Cur has been extensively studied for its bio-functional 

properties, containing antioxidant, radical scavenging, antimicrobial, and anti-

inflammatory activities, all crucial for wound healing (14-16). Moreover, it has been 

reported that topically administered Cur stimulates the production of growth factors 

essential in the wound healing process. It accelerates angiogenesis and facilitates rapid 

wound restoration (15, 16), which results from various types of wounds, such as trauma 

(17), burns (18), and diabetes wounds (19). Despite its promising attributes, Cur has 
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limitations related to poor solubility and instability when exposed to light, hindering its 

bioavailability and efficacy in wound care. Nanoformulation emerges to overcome 

these obstacles, offering a stable Cur form while enhancing its photostability and water 

solubility as well as the pharmacological response to achieve its action on wound 

healing. Incorporated nanoformulation of Cur in hydrogel could provide dual functions 

of the dressing material from the effect of hydrogel and the bioactivities of Cur. 

Moreover, nanomaterial-based wound dressings are essential in treating wounds and 

are used across various medical settings, from minor to life-threatening injuries. 

Recently, many studies have been reported on the wound healing efficiency of Cur-

loaded nanocomposite hydrogels utilizing a range of nanoparticle carriers and hydrogel 

designs. M. Alibolandi et al. developed a dextran hydrogel incorporating curcumin-

nano micelles composed of PEG-PLA copolymers for full-thickness dermal wound 

healing (20). They reported the sustained release of curcumin-nano micelles from the 

hydrogel resulted in decreased inflammatory responses, induced fibroblast 

proliferation, and promoted collagen synthesis and angiogenesis in the healing process 

(20). Cardoso-Daodu and co-workers synthesized Cur-loaded liposomes infused in 

lysine-collagen hydrogel to enhance surgical wound healing.  The in vivo wound 

healing evaluation exhibited superior healing performance, with 79.2% wound 

contraction at day 3 and complete wound closure by day 7 with no scarring (21).  

The stability of nanoformulation and the physicochemical properties of hydrogels 

are broadly affected by various formulation parameters, such as surfactant types, their 

concentrations, and polymer composition (22). Thus, the optimum conditions which 

provide stable nanocurcumin and proper hydrogel properties are observed using 

experimental design techniques before the incorporation of nanocurcumin into the 

hydrogels. The Design of experiments (DoE) aims to determine the main interaction 

effects of parameters and reduce development time and the number of experiments.  

In this study, two nanocomposite hydrogel patches were developed including Cur-

NS-loaded CS/PVP and Cur-L-loaded HA/PVA/PNVP-ITA hydrogels, aiming for 

innovative wound repair solutions. Using a Box-Behnken design approach, we 

optimized the formulations of Cur-NS and Cur-L, to ensure their stability and efficacy. 

On the other hand, the genipin-crosslinked CS/PVP and bifunctional crosslinked 
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HA/PVA hydrogel formulations were optimized through a simplex centroid mixture 

design and central composite design. A synthesized PNVP-ITA polymer was added to 

the post-optimized HA/PVA hydrogel to enhance its properties for better functionality. 

Subsequently, optimal hydrogel patches were used to incorporate various 

concentrations of nanocurcumin, selecting those with the maximal loading capacity for 

further investigations. These nanocomposite hydrogels were thoroughly analyzed to 

assess their physiological and morphological attributes and release profiles. 

Additionally, the therapeutic efficacy and safety of these hydrogel patches were 

evaluated on incisional wounds in Wistar rats were evaluated, exploring their potential 

to enhance the wound healing process. 

1.2. Objectives 

1. To prepare and optimize nanocurcumin and polymeric hydrogel patches with 

desired characteristics and properties for wound healing applications using 

Design Expert® software. 

2. To characterize nanocurcumin-incorporated hydrogel patches for their hydrogel 

properties, morphology, and release kinetics of Cur from the hydrogels. 

3. To evaluate their in vitro biocompatibility and in vivo wound healing efficiency 

of Cur-loaded nanocomposite hydrogels treated to an incisional wound of 

Wistar rats. 

1.3. Hypothesis 

1. Optimized nanocurcumin can be loaded into the optimized hydrogel patches 

with enhanced loading efficiency and release performance. 

2. The developed Cur-loaded nanocomposite hydrogels have desirable properties, 

morphology, and biocompatibility. 

3. The greater progression of wound healing can be found in Wistar rats treated 

with nanocomposite hydrogels compared to controls (sterile gauze and 

commercial wound healing patch). 

1.4. Scope of research work 

1. Preparation and optimization of nanocurcumin using Box-Behnken design. 
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• Curcumin nanosuspension (Cur-NS) was prepared using a bottom-up 

approach, and curcumin liposome (Cur-L) was prepared using a thin-layer 

hydration method. 

• The optimized Cur-NS and Cur-L were further characterized for their 

physio-chemical stability, morphology, and chemical interactions using 

Nano-sizer, content assay, DSC, PXRD, and FTIR. After that, their 

antioxidant and wound healing activity were evaluated using DPPH and 

Scratch assays. 

2. Preparation and optimization of hydrogel patches using Mixture and Central 

Composite design. 

• CS/PVP hydrogel  was prepared by crosslinking using genipin, a natural 

crosslinker, and its properties were analyzed to obtain the optimal 

formulation.  

• HA/PVA hydrogel was prepared using dual crosslinking methods: freeze-

thaw cycling and metal coordination complexation with a small amount of 

the crosslinker aluminum glycinate and malic acid. The newly synthesized 

copolymer PNVP-ITA (polyvinylpyrrolidone-co-itaconic acid) was added 

to the optimized hydrogel formulation to enhance its properties. 

3. Fabrication, characterization, and evaluation of nanocomposite hydrogels. 

• Cur-NS was incorporated into the genipin-crosslinked CS/PVP hydrogels 

by direct incorporation of Cur-NS into the polymeric solution during the 

mixing stage. 

• Cur-L was loaded into the HA/PVA/PNVP-ITA hydrogels by absorption 

method. 

• The developed nanocomposite hydrogels were characterized by their 

swelling, mechanical toughness, WVTR, morphology, loading efficiency, 

and release kinetics. 

• In vivo wound healing activities of both nanocomposite hydrogels were 

evaluated using an incisional wound model in Wistar rats. 



 

CHAPTER 2 

LITERATURE REVIEWS 

2.1. Wound 

2.1.1. Definition and etiology 

A wound is an injury to the body that typically involves breaking the skin and 

often damages the underlying tissues, disrupting its anatomical structure and functions. 

The wound can be superficial to the dermis or sometimes full thickness into the dermis, 

subcutaneous, and even muscle or bone, which may be caused by violence, accidents, 

or surgery. Immediately after injury, the human body responds with a complex cellular 

process consisting of four overlapping cascades: hemostasis, inflammation, 

proliferation, and maturation, aiming to restore the functions of injured tissue (23).   

 

 

 

 

 

 

                                       

Figure  1. The image of a skin wound (24) 

2.1.2. Wound healing processes 

2.1.2.1. Hemostasis 

The initial phase of wound repair is hemostasis, where damaged blood vessels 

constrict rapidly. Platelet aggregation and fibrin clot formation stop bleeding. 

Following initial vasoconstriction, vasodilation occurs, allowing the influx of pro-

inflammatory cytokines and growth factors like transforming growth factor (TGF-β), 

platelet-derived growth factor (PDGF), fibroblast growth factor (FGF) and epidermal 

growth factor (EGF). Platelets are crucial for recruiting immune cells to the injury site 

and initiating inflammation (23, 25, 26). 
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2.1.2.2. Inflammatory 

The second stage, inflammation, begins shortly after injury. Neutrophils, 

attracted by chemo-attractants such as interleukin-1 (IL-1), tumor necrosis factor-alpha 

(TNF-α), and bacterial endotoxins like lipopolysaccharide (LPS), are recruited into the 

wound from damaged vessels. They release reactive oxygen species (ROS), 

antimicrobial peptides, and proteolytic enzymes, clearing bacteria and necrotic tissue 

via phagocytosis. Macrophages follow, releasing inflammatory cytokines and growth 

factors that stimulate neo-angiogenesis and activate keratinocytes, fibroblasts, and 

endothelial cells. Excessive inflammation delays healing, while insufficient immune 

cell recruitment hinders repair (23, 25, 26). 

2.1.2.3. Proliferation 

The proliferative healing phase is characterized by extensive activation of 

keratinocytes, fibroblasts, macrophages, and endothelial cells to orchestrate wound 

closure, matrix deposition, and angiogenesis. Keratinocytes migrate laterally across the 

wound to reform the epidermal layer, releasing matrix metalloproteinase (MMP) to aid 

their migration path. Fibroblasts are the main cell type responsible for granulation tissue 

formation. The TGF-β and PDGF guide fibroblasts to either become pro-fibrotic, 

producing extracellular matrix (ECM) proteins, or differentiate into myofibroblasts, 

which facilitate wound contraction. Macrophages play a significant role in angiogenesis 

by aiding microvascular endothelial cell proliferation, migration into the wound bed, 

and collagen deposition (23, 25, 26). 

2.1.2.4. Maturation 

In the maturation phage, epidermal tissue reorganization occurs through collagen 

replacement. MMPs help in the degradation of collagen type III and synthesis of 

collagen type I. These sequential changes in the ECM require a fine balance between 

collagen degradation and synthesis, achieved through temporal regulation of key 

MMPs. Once collagens type I are highly organized, increasing the integrity and tensile 

strength of the wound (23, 25, 26). 
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2.1.3. Acute and Chronic wounds 

Wounds are generally classified as acute or chronic based on the nature and duration 

of the healing process. Acute wounds result from unexpected accidents or surgical 

procedures, and their healing process follows a predictable time based on factors such 

as size, depth, and the extent of damage to various layers of the skin. Chronic wounds 

may develop when the healing process fails to heal within a fixed time, and the 

inflammatory phases persist for a long time. Prolonged and increased levels of 

inflammatory cells can damage tissues due to an imbalance between MMPs and their 

corresponding tissue inhibitor metalloproteinases, especially during the tissue 

formation. Excessive protease activity in the wound results in the breakdown of 

essential proteins required for ECM formation, ultimately hindering the healing 

process. Chronic wounds are mostly caused by repeated tissue insults or underlying 

physiological conditions like diabetes, impaired angiogenesis, and patient-related 

factors (1, 27).  

 

Figure  2. Pathophysiology of normal and chronic or non-healing wounds (28) 

2.2. Wound dressings 

2.2.1. What are wound dressings? 

A wound dressing is a clean and sterile pad applied over a wound. It is designed 

to be in direct contact with the wound surface. The purpose of the dressing is not only 

to cover or protect the wound from further harm but also to promote natural healing. 

2.2.2. Wound dressings treatment 

 The management of wounds dates back to ancient Egyptian times when grease-

soaked gauze bandages were used. Traditionally, gauze has been a widely used dressing 

Normal wound 

healing 

Non-healing 

wound 
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for mechanical wound protection. It aids in rapidly drying the wound surface but is 

permeable to bacteria and can be adherent, potentially causing trauma upon removal 

(29). Due to these challenges, Professor George D. introduced the moist wound healing 

theory concept in 1962 (30). He demonstrated that a moist environment significantly 

accelerates tissue regeneration by promoting wound epithelialization. Later, researchers 

emphasized the importance of developing dressings that do not adhere to damaged 

tissues. They also highlighted the significance of dressings with absorbent capabilities 

to remove excess exudate (31). Generally, ideal wound dressings should meet various 

requirements to manage different types of wounds effectively.  
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Table  1. Characteristics required for an ideal wound dressing 

 

2.2.3. Types of wound dressings 

2.2.3.1. Passive dressings 

Passive dressings are wound coverings that primarily serve as a protective 

barrier over the wound. They are designed to provide a physical barrier against external 

contaminants, absorb wound exudate, and maintain a moist environment conducive to 

the natural healing process. Passive dressings do not actively interact with the wound 

Feature Description 

Moisture Regulating the moisture level around the wound to 

promote cell migration and proliferation. 

Absorption of excess 

exudate 

Eliminating excess exudate present in the wound to 

avoid the potential of infections. 

Gases permeability Allowing the transmission of gases like O2, 

enabling the wound tissues to breathe for cell 

activity. 

Adhesiveness Providing appropriate adhesiveness to the wound site 

(excessive adhesive sustains an injury) 

Prevention of wound 

infections 

Protecting bacterial infections could impair wound 

healing and prolong its duration. 

Minimum pain Minimizing patient pain during application and 

removal. 

Mechanical and physical 

properties 

Offering mechanical protection and resembling the 

nature of native skin. 

Non-toxic, 

Biocompatible 

Free from toxic materials that can damage and lead 

to dire consequences 

Costly acceptable Providing an affordable wound dressing 
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bed or influence the wound healing process beyond providing a sterile and moist 

environment (32). Examples of passive dressings include gauze, non-adherent 

dressings, and some types of film and foam dressings. 

2.2.3.2. Interactive dressings 

Interactive dressings, also known as advanced or interactive wound dressings, are 

designed to actively interact with the wound environment to promote healing (32). 

These dressings often contain additional substances such as hydrogels, alginates, 

antimicrobial agents, growth factors, or enzymes that facilitate wound healing. 

Interactive dressings can help maintain a balanced moisture level, absorb excess 

exudate, provide a conducive environment for cell migration and tissue regeneration, 

and may have antimicrobial properties to prevent infections. These dressings actively 

participate in wound-healing and can be particularly useful for chronic or complex 

wounds (33). Examples of interactive dressings include hydrogels, hydrocolloids, foam 

dressings, and semi-permeable film dressings. 

2.2.3.2.1. Film dressings 

Transparent film dressings can be considered the evolution of gauzes into more 

sophisticated bandages, being able to provide a moist wound environment 

simultaneously, ensure gas exchange and prevent contamination from external bacteria. 

Moreover, film dressings are easy to adapt and remove without causing the patient pain. 

However, they do not possess swelling capability, and thus, their application is not 

recommended for the treatment of wounds that produce large amounts of exudate (29, 

33, 34). 

2.2.3.2.2. Foam dressings 

Conversely to transparent film dressings, foam dressings can absorb large 

amounts of fluids while ensuring thermal insulation and gas exchange. Hence, foams 

are indicated for the treatment of exudate-rich wounds. Due to their remarkably high 

absorbance capability, this type of dressing could be left in place for up to 7 days in 

not-infected wounds, while daily changes are recommended in the presence of 

infections. Many research studies have reported the design of foams for wound healing 

applications, mainly focusing on identifying the highest-performance material in 

absorption capability (29, 33, 34). 
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2.2.3.2.3. Hydrocolloid dressings 

Hydrocolloids are occlusive dressings with two layers: the inner one contains a 

suspension of hydrophilic colloidal particles designed to balance moisture, and the 

outer polyurethane layer is impermeable to bacteria. They combine gel-forming agents 

(carboxymethylcellulose, gelatin, and pectin) with other materials, such as elastomers 

and adhesive coatings, which may potentially cause dermatitis. Due to their nature, 

hydrocolloids are best used on dry wounds, and they can be applied for several days 

without changing due to the inner layer being able to hold and maintain fluid. However, 

this type of wound dressing is not recommended for infected wounds due to their 

occlusive properties and strong adhesive properties, which are possible for reinjury of 

the wound tissues during removal (29, 33, 34).  

2.2.3.2.4. Hydrogel dressings 

Hydrogel-based wound dressings are widely used in wound care treatments because 

they absorb fluids, facilitate gas exchange (O2, CO2, and H2O), and painlessly adhere 

to the wound. Being composed of 80-90% water, hydrogels maintain a moist wound 

environment, aiding autolytic debridement and accelerating cellular healing. Their 

similarity to ECM ensures biocompatibility and their unique structure allows for 

incorporating phytochemicals and biomolecules, providing additional therapeutic 

benefits. These features support cells and enhance healing, leading to faster and more 

effective wound resolution. Consequently, a significant surge in research interest has 

focused on developing innovative hydrogel dressings for wound healing applications 

(31, 33, 34). 

2.3. Nanocomposite hydrogel wound dressings 

2.3.1. Hydrogels 

2.3.1.1. What are hydrogels? 

Hydrogels are 3D hydrophilic polymeric networks with a porous and water-

insoluble matrix. The presence of hydrophilic functional groups such as amine (–NH2), 

carboxylic (–COOH), sulfate (–SO3H), and hydroxyl (–OH) groups in their structure 

enables them to absorb water or biological fluids ten to thousands of times of their dry 

weight. Their crosslinked polymeric structure can retain their structural integrity from 

dissolving in water (35).  
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2.3.1.2. Hydrogel properties for wound healing 

2.3.1.2.1. Biocompatibility 

Since hydrogel dressings are designed to be directly applied on the wound 

surface, it is important to be non-toxic and free from foreign body response. Thus, 

biocompatibility is the primary property of hydrogel dressing for wound healing 

applications.  To achieve biocompatible hydrogel, a hydrogel can be prepared using 

biocompatible components such as high-purity polymer solutions and biocompatible 

techniques of harmless conditions to avoid unexpected toxicity (36, 37).   

2.3.1.2.2. Adhesiveness and removability 

Hydrogels in wound dressings need firm adhesion to create a protective 

environment, preventing fluid leakage and bacterial infections. Like those formed 

through Schiff base reactions, adhesive hydrogels provide substantial strength by 

binding aldehyde and tissue amino groups, ensuring effective wound coverage and 

healing. Hydrogel wound dressings, requiring periodic changes for optimal efficacy and 

infection prevention, must be easily removable without causing damage to newly 

formed wound tissue (36, 37). 

2.3.1.2.3. Mechanical property 

Different types of wounds need appropriate mechanical properties: stiffness, 

toughness, stretchability, and compressibility, not only to ensure comfort and 

convenience of wearing dressings but also to regulate the healing process. The 

mechanical properties of hydrogels can be controlled by adjusting the polymer type, 

concentration of polymer used, the presence of network structure, and formulation 

techniques. The mechanical properties of hydrogel dressings are assessed through 

compression strength and modulus (Young's modulus), tensile strength, and percent 

elongation at break (36, 37). 

2.3.1.2.4. Swelling ability 

The ability of hydrogel dressings to swell in water or biological fluids without 

dissolving or compromising their structural integrity is a crucial property. Swelling 

enables absorption of wound exudate, maintains moisture, aids in debridement, 

facilitates nutrient diffusion, and allows drug release. The swelling rate is influenced 
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by utilized biomaterial properties, hydrophilic groups, crosslinking agents, and density. 

The gravimetric method often determines a swelling index (36, 37). 

2.3.1.2.5. Gases permeability 

The highly porous hydrogel structure facilitates the perfusion of gases like CO2, 

O2, and H2O, which is crucial in accelerating cell activity in wound tissue. This property 

is vital for regulating the moist environment around the wound, allowing moisture to 

pass through the dressing material, and controlling water loss during wound healing 

(36, 37). 

2.3.1.3. Preparation of hydrogels 

Hydrogels can be prepared from a variety of natural and synthetic polymers 

using a range of different compositions. The polymer chains are interconnected via 

physical and chemical cross-linking techniques, forming covalent bonds and non-

covalent bonds such as ionic interactions, hydrogen bonds, or hydrophobic interactions.  

2.3.1.4. Common polymers used for hydrogel preparation 

Synthetic and natural polymers have been utilized widely to develop hydrogel 

dressings. As wound dressings require low toxicity, excellent biocompatibility, and 

enhanced cell migration, natural polymers become a research focus point. Commonly 

studied natural polymers for hydrogel preparation include chitosan, collagen, starch, 

cellulose, sodium alginate, and hyaluronic acid (5). However, the mechanical 

limitations of natural polymers have led to their combination with synthetic polymers 

and other materials to improve their mechanical properties. Synthetic materials such as 

polyethylene glycol (PEG), PVA, polyacrylamide (PAA), PVP, and poly (ε-

caprolactone) (PCL) offer specific functionalities, robust mechanical properties, 

affordability, and a wide range of options (38). Using pre-functionalized polymers 

and/or cross-linkers is another strategy. Cross-linkers are small and multi-functional 

molecules that can react with the functional groups of natural polysaccharides 

(hydroxyl, carboxylic acid, or amino groups).  

2.3.1.4.1. Chitosan 

CS is a cationic polysaccharide consisting of β-(1-4)-D-glucosamine and N-

acetyl-D-glucosamine groups, obtained from partially deacetylated chitin found in 
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crustacean shells. Owing to its intrinsic properties: antifungal, antibacterial, hemostatic, 

and promoting cell growth, it has been widely studied as a polymeric backbone in 

hydrogel development for wound treatments. chitosan promotes platelet aggregation 

and fibrin clot formation through electrostatic interactions. It also disrupts bacterial cell 

walls, inhibiting their proliferation. Additionally, chitosan stimulates cytokine 

production, including TGF-β and IL-1, enhancing fibroblast growth and collagen 

production (39). However, the primary limitation hindering the use of CS in wound 

repair is its insufficient mechanical strength. Thus, CS needs to be crosslinked, either 

physically or chemically, to form a stable hydrogel. While physical hydrogels offer 

certain advantages, their networks are reversible and unstable. There is a growing 

interest in using biologically safe crosslinkers like genipin in chemically crosslinked 

hydrogels. An important feature of genipin is its high selectivity, specifically reacting 

to the primary amino groups (NH2) present in CS (40).  

2.3.1.4.2. PVP 

PVP is a nonionic synthetic polymer usually obtained through free radical 

polymerization of N-vinylpyrrolidone (NVP) in water with hydrogen peroxide as an 

initiator. PVP is widely used in hydrogel dressing materials due to its biological 

inertness and biocompatibility. Its high polarity and ability to accept protons make it 

cross-linkable, forming chemical complexes (41). PVP hydrogels are transparent and 

exhibit good adhesive and cohesive properties, although they might have limited 

swelling. This can be improved by blending it with other polymers like polysaccharides.  

2.3.1.4.3. Hyaluronic acid 

HA is an attractive biopolymer composed of repeating di-saccharide units of D-

glucuronic acid and N-acetyl-D-glucosamine, linked by β-1,4-glycosidic linkages. It is 

produced through microbial fermentation. HA is a primary component of mammalian 

connective tissue, making it a valuable biomaterial for wound dressings (42). It 

possesses inherent bacteriostatic properties and contributes to wound healing by 

reducing inflammation, stimulating endothelial cell proliferation, angiogenesis, 

keratinocyte migration, and supporting scar-free wound healing. Additionally, HA is 

non-irritating, non-reactive with biological tissue, and permeable to metabolites (39).  

However, HA-based hydrogels exhibit limitations, such as low mechanical strength and 
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rapid degradation. Thus, researchers have been exploring various strategies to enhance 

HA-hydrogels' features. Wu et. al., (2017) used ethylene dichloride (EDC) to facilitate 

the crosslinking of HA with gelatin, aiming to promote hydrogel properties and enhance 

wound healing efficiency (43). Fahmy et. al., (2015) developed an ampicillin-loaded 

PVA-HA hydrogel membrane using the freeze-thawing method. Their observation 

revealed that the low content of HA (up to <20%) in the PVA network improved the 

physiochemical properties and biological activity of the membrane (44). Therefore, this 

study specifically focuses on the freeze-thawing technique due to its non-toxic nature 

and widespread use. During the freeze-thaw cycle, the polymer solution undergoes 

freezing, inducing crystal growth that acts as cross-linking points between polymer 

chains and/or crosslinkers. Thawing then relaxes the polymer chains, allowing them to 

move freely and form a 3D structure with increasing cross-link points. Moreover, small 

quantities of aluminum glycinate and maleic acid could be incorporated as crosslinkers, 

forming HA and PVA networks to attain favorable hydrogel properties for wound 

applications. 

2.3.1.4.4. PVA 

PVA is a synthetic biocompatible polymer employed as the main component of 

several hydrogel dressings owing to its relatively high mechanical strength, water 

retention, and good transparency. Also, the hydroxyl group of the alcohol moiety can 

be crosslinked to form PVA hydrogel by different crosslinking techniques including the 

freeze-thawing cycle, electron beam irradiation and using cross-linkers like 

glutaraldehyde (45). 

2.3.2. Nanocurcumin 

2.3.2.1. Curcumin 

Turmeric is a popular spice derived from the rhizomes of Curcuma longa Linn, 

belonging to the ginger family. The main constituent of turmeric is Cur, also known as 

diferuloylmethane, with a chemical structure of 1,7-bis(4-hydroxy-3-methoxyphenyl)-

1,6-heptadien-3,5-dione. Cur is a yellowish polyphenol compound with a long history 

of use as an antimicrobial, anti-inflammatory, and wound-healing agent. Its popularity 

is attributed to its safety, cost-effectiveness, and multifunctional biological activities, 

including anti-inflammatory, antioxidant, anticarcinogenic, and anti-infectious 
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properties. Furthermore, the wound-healing properties of curcumin have received 

tremendous attention. It accelerates wound healing by exerting its action on various 

stages of wound repair (46).  

 

 

 

 

 

 

Figure  3. Chemical structure of curcumin (47) 

2.3.2.2. Mechanism of wound healing activities of curcumin 

Inflammation is a critical phase in the wound-healing process. Effectively 

controlling inflammation is highly desirable during healing; thus, curcumin's free 

radical scavenging and anti-inflammatory properties are particularly advantageous in 

accelerating wound healing. Cur has been reported to regulate various cellular signaling 

pathways and modulate gene expression (48). The presence of β-diketone and phenol 

functional groups in the structure of Cur confers excellent antioxidant properties. These 

properties are attributed to the stimulation of cytoprotective signaling pathways, 

including the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway. These 

pathways have been identified as linked molecular mechanisms in wound healing that 

cause oxidative stress and increased ROS. Moreover, Cur inhibits the production of key 

inflammatory mediators such as IL-1, TNF α, and nuclear factor NFκB, essential in 

regulating genes causing inflammation. It also suppresses angiotensin II-induced 

inflammation by reducing cyclooxygenase-2 (COX-2) expression, prostaglandin, and 

thromboxane synthesis (49). Cur hinders the growth of microorganisms by disrupting 

the cell membrane and causing apoptosis, making it beneficial in treating infected 

wounds (50). Cur significantly enhances the proliferation phase of wound repair, 

including fibroblast proliferation, re-epithelialization, neovascularization, collagen 

deposition, granulation tissue formation, and the apoptosis of unwanted cells.  
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2.3.2.3. Challenges and improvements of curcumin activities 

Chemically, Cur is a lipophilic, low MW compound (368.4 g/mL), soluble in 

organic solvents like ethanol, acetonitrile, and chloroform. It belongs to the 

Biopharmaceutical Classification System (BCS) class 2. The partition coefficient (Log 

P) is estimated to be 3.29, and its water solubility is about 0.6 µg/mL. It is a light-

sensitive molecule. It is stable in acidic or neutral environments, while under alkaline 

conditions, it is easily degraded, leading to a change in color from yellow-orange to red 

(51). 

Its physicochemical properties hinder its applications in wound healing despite 

its significant potential for repairing wounds. The poor water solubility, bioavailability, 

and instability upon exposure to light are the main obstacles to the effective delivery of 

Cur to wounds. Several new formulations like sponges (52), polymeric bandages (53), 

alginate foams (54), and collagen films (55) have been developed to achieve the 

application of Cur at the wound site. The Cur in these formulations was shown with 

increased bioavailability compared to raw curcumin. However, no significant 

differences in their wound healing effects were found, which may be due to Cur's 

burden of cell infiltration potential at the wound site. Therefore, the nano-formulation 

of Cur is an attractive option to maximize the wound-healing efficacy of such a 

beneficial compound. Encapsulation of Cur inside nanoparticles (NPs) like polymeric 

NPs (56), polymeric micelles (57), and liposomes (58), can provide a more stable form 

of Cur, protecting it from degradation against light, as well as improving water 

solubility, skin penetration, controlled delivery by chance of reduced dose, and low 

toxicity.  

Nanosuspensions (NSs) are nanotechnology that form a nanosized drug particle 

and apply to most water-insoluble compounds. The NSs entirely consisted of poorly 

water-soluble drugs without any matrix material or carrier. The advantages of NSs are 

enhanced solubility and bioavailability, the possibility of dose reduction, and improved 

physical and chemical stability of the drugs (59). Moreover, the preparation methods 

include the “top-down” and “bottom-up” approaches which are simple, convenient, and 

yield a desirable NS formulation. Stabilizers, polymers, or surfactants are usually 

required for the preparation of NS for the compound would present steric with or 
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without electrostatic stabilization preventing the particle growth via Ostwald ripening 

or agglomeration (60). Several Cur-NS formulations have been reported for different 

purposes and using various stabilizers and preparation techniques. Bi et. al., (2017) 

reported the preparation of Cur-NSs with PVP as a stabilizer and investigated the 

cytotoxicity and cellular internalization for anticancer effect (61). An emulsion-

templated freeze-drying technique was used to prepare Cur-NSs by Elbaz et. al., (2021) 

as a plausible oral delivery system (62). Yet, a proper design of the Cur-NS formulation 

has not been reported and the studies on Cur-NSs toward the wound healing effect are 

still limited. 

Another nanocarrier approach is liposomes, which are lipid-based nanocarriers 

renowned for their ability to encapsulate hydrophobic compounds like Cur efficiently 

and their cutaneous delivery in wound therapy. Liposomes are spherical phospholipid 

bilayer nanoparticles that can entrap lipophilic molecules in their phospholipid bilayer, 

thus improving their solubility and protecting them from chemical instability (63). The 

liposomal membrane's fluidity can be altered by incorporating surfactants and 

unsaturated fatty acids, imparting elasticity. Elastic or deformable liposomes are new 

liposomes that can easily squeeze through the skin cells for better permeation (64). 

Moreover, modifying composition can tailor physicochemical properties like particle 

size and entrapment efficiency, thus directly affecting better efficacy in wound 

treatment. Taking advantage of all these merits, Xu et al. prepared a novel liposome 

with a hydrogel core of silk fibroin which effectively encapsulated bFGF. The vehicles 

remarkably improved the stability of bFGF in wound fluids and maintained cell 

proliferation activity compared to traditional liposomes. Moreover, the liposomes with 

hydrogel core expedited wound healing, particularly by promoting angiogenesis (65). 

Ternullo et. al., developed Cur-in deformable liposomes using polysorbate 20, stearyl 

amine, and sodium deoxycholate to attain elastic liposomes with different surface 

charges. All deformable liposomes exhibited relatively high Cur entrapment and 

optimal skin penetration, as well as superior anti-inflammatory and anti-bacterial 

qualities compared to conventional liposomes. Moreover, all liposomes were non-toxic 

to the human fibroblast cells and even promoted cell proliferation. Among the 

liposomes with different surface charges, cationic liposomes showed enhanced multi-
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targeting properties (66). To the best of our knowledge, limited literature is available 

exploring incorporating Cur-Ls into hydrogel formulations, offering a tailored solution 

for effective and accelerated wound repair. 

2.3.3. Nanocomposite hydrogels  

2.3.3.1. What are nanocomposite hydrogels? 

Nanocomposite hydrogel dressings are designed by incorporating 

nanomaterials into a polymeric hydrogel network. This combination results in a hybrid 

material that takes advantage of the synergistic properties of both the hydrogel and the 

incorporated nanomaterials (67). This can enhance properties such as mechanical 

strength, drug delivery capabilities, and wound healing activities, making them an area 

of active research and development in wound care. 

2.3.3.2. Preparation of nanocomposite hydrogels 

The uniform distribution of NPs or drug-loaded NPs in the hydrogel structure 

can be achieved by applying different approaches. NPs can be added to (a) pre-formed 

hydrogels, (b) polymer solutions before gel formation, and (c) monomer polymerization 

in the presence of NPs. It is also possible to incorporate NPs in the polymer network 

using strategies (a) and (b) (67). 

The method choice depends on the application requirements and desired properties 

of the nanocomposite hydrogel, emphasizing the importance of stability and 

homogeneity in achieving optimal performance in various fields, including drug 

delivery, tissue engineering, and sensing technologies. 

2.3.3.2.1. Incorporation of NPs into a pre-formed hydrogel matrix  

The incorporation of liposomes into a hydrogel matrix after gelation, utilizing 

the absorption method, represents an innovative approach in drug delivery systems. 

After the hydrogel has solidified, pre-formed liposomes are gently introduced into the 

gel structure, allowing it to absorb the liposomes through its porous network (68). This 

method provides a stable environment for the liposomes, protecting their cargo and 

ensuring controlled release kinetics. The porous structure of the hydrogel offers an ideal 

substrate for liposome absorption, allowing for efficient encapsulation and enhancing 

the stability of the incorporated liposomes.  
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2.3.3.2.2. NPs addition to the polymer solutions and subsequently gelation 

Incorporating nanosuspensions into polymer solutions, followed by gelation, is 

a promising approach in nanomedicine and drug delivery. In this method, 

nanosuspensions, which consist of nano-size particles dispersed in a liquid medium, are 

blended with polymer solutions. Subsequent gelation or cross-linking of the polymer 

solution entraps the nanosuspension within the resulting polymeric network (68). This 

strategy offers numerous advantages, including improved stability and controlled 

release of nanoparticles, making it valuable for targeted drug delivery systems. 



 

CHAPTER 3 

METHODOLOGY 

3.1. Materials and Equipments 

3.1.1. Materials 

− 2,2′-azobis(2-methylpropionamidine) dihydrochloride (V50) (Sigma Aldrich 

St.) 

− 2,2-diphenyl-1-picrylhydrazyl (DPPH) (Sigma Aldrich St.) 

− Acetonitrile (Honeywell, USA) 

− Cholesterol (Nanjing Xinbai Pharmaceutical Co., Ltd., Nanjing, China) 

− Curcumin (Sigma-Aldrich St. Louis, MO, USA) 

− Deuterium oxide (D2O) (Cambridge Isotope Laboratories Tewksbury, MA, 

USA) 

− Dimethyl sulfoxide (DMSO) (Fisher Chemical, Fisher Scientific, UK) 

− Dulbecco’s modified Eagle’s medium (DMEM) (Gibco BRL, Rockville, MD, 

USA) 

− Ethanol (Merck & Co. Darmstadt, Germany) 

− Fetal bovine serum (FBS) (Gibco BRL, Rockville, MD, USA) 

− Genipin (Sigma Aldrich, St. Louis, MO, USA) 

− Human normal foreskin fibroblast (NHF) cells (ATCC, Rockville, MD, USA) 

− Hyaluronic acid (HA, MW = 1,550 kDa) P.C. Chemicals (Bangkok, Thailand) 

− Itaconic acid (ITA) (Sigma Aldrich, St. Louis, MO, USA) 

− Methanol (Honeywell, USA) 

− Methyl-thiazolyl diphenyl tetrazolium bromide (MTT), (Sigma Aldrich St. 

Louis, MO, USA) 

− N-vinylpyrrolidone (NVP) (Sigma Aldrich, St. Louis, MO, USA) 

− Oleic acid (Sigma Aldrich, St. Louis, MO, USA) 

− Penicillin-streptomycin (Gibco BRL, Rockville, MD, USA) 

− Phosphatidylcholine (Lucas Meyer GmbH, Düsseldorf, Germany) 

− Pluronic® F-127 (Sigma Aldrich, St. Louis, MO, USA) 

− Polyethylene glycol (PEG) 400 (Sigma Aldrich, St. Louis, MO, USA) 

− Polyvinyl alcohol (PVA) (MW 60 kDa) (Merck & Co. Darmstadt, Germany) 
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− Polyvinylpyrrolidone (PVP) (MW 1,300 kDa) (Sigma Aldrich, St. Louis, MO, 

USA) 

− Tryptic Soy Agar (TSA) (HimediaTM) 

− Tryptic Soy Broth (TSB) (HimediaTM) 

− Tween® 20 (P.C. Chemicals, Bangkok, Thailand) 

3.1.2. Equipments 

− Attenuated Total Reflectance Fourier transformed infrared spectrophotometer 

(ATR-FTIR) (Nicolet iS5, Thermo Scientific, USA) 

− 15-mL, 50-mL centrifuge tube (Megazyme, Bray, Co. Wicklow, Ireland) 

− 24-wells Cell Culture plate ((Costar®, Corning Incorporated, ME, USA) 

− 6-wells Cell Culture plate ((Costar®, Corning Incorporated, ME, USA) 

− 96-wells Cell Culture plate ((Costar®, Corning Incorporated, ME, USA) 

− Aluminum foil 

− Analytical balance (Model BSA3202S-CW, Sartorius) 

− Autoclave (LS-2D, Scientific promotion. Co., Ltd.) 

− Bath sonicator 

− C18 column (Agilent Technologies, Senta Clara, CA, USA) 

− CO2 incubator 

− Dialysis membrane (MW cut-off 3.5, 6-8 kDa) ((Fisher Chemical, Fisher 

Scientific, UK) 

− Differential scanning calorimeter (DSC) (Sapphire, Perkin Elmer, USA) 

− Freeze dryer (FreeZone2.5, LABCONCO, USA) 

− Gloves and masks 

− High-performance liquid chromatography (HPLC; Agilent Technologies, 2200 

series, Santa Clara, CA, USA) 

− Incubator shaker (Model: GFL 3031, ProfiLab24 GmbH, Berlin, Germany) 

− Inverted fluorescence microscope (Nikon® T-DH, Japan) 

− Magnetic stirrer and magnetic bars 

− Micropipette tip (200 µL, 1000 µL) 

− Microplate reader (VICTOR Nivo TM, Perkin Elmer, MA, USA) 
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− Microcentrifuge tube (1.5 mL, 2 mL) 

− Nuclear magnetic resonance spectroscopy (1H-NMR) (Bruker AVANCE III 

HD, Billerica, MA, USA). 

− Nylon syringe filter (0.22 µm, 0.45 µm) (SNP Scientific Co., Ltd, Bangkok) 

− ONILAB Vortex Mixer (Bio Laboratories Pte Ltd, USA) 

− pH meter (HORIBA compact pH meter B-212) 

− Probe Sonicator (Sonic VibraCellTM, CT, USA) 

− Rotary evaporator (R-100, Buchi, Japan) 

− Scanning electron microscope (SEM) (Tescan Mira 3, Czech Republic series, 

Santa Clara, CA, USA) 

− Texture analyzer (TA. XT Plus, Stable Micro Systems, Godalming, UK) 

− Thermometer 

− Transmission electron microscope (TEM) (Philips® Model TECNAI 20) 

− Universal Oven (Model: XU032, France-Etuves Asia Co.,Ltd) 

− X-ray diffractometer (XRD) (Mini Flex 150 II, Rigaku, Tokyo, Japan) 

− Zeta sizer (Nano ZS series, Malvern Instruments, Malvern, UK) 



 

3.2. Preparation and optimization of nanocurcumin using Box-Behnken design 

3.2.1. Curcumin Nanosuspension 

3.2.1.1. Experimental design 

A Box-Behnken factorial design was utilized to statistically assess the main, 

interaction, and quadratic effects of independent variables on dependent variables for 

optimizing the Cur-NS formulation. The independent variables include the stabilizers 

measured responses were particle size (Y1), polydispersity index (PDI) (Y2), zeta 

potential (Y3), and Cur content yielded (Y4). The experimental design used 

DesignExpert® software version 11.0.0 (Stat-Ease® Inc, USA). This design features 

three levels (low, medium, and high) with uncoded values, and their respective levels 

are detailed in Table 2. Response values were analyzed using analysis of variance 

(ANOVA) provided by the software, and the optimal conditions for each factor were 

investigated. Additionally, the obtained model was validated. 

Table  2. The uncoded values of different variables and their respective levels of Box-

Behnken design for optimization of Cur-NSs 

Variables Uncoded variable level 

Low (-1) Center (0) High (+1) 

Independent variables    

Tween® 20 (%) 0.5 1.25 2 

Pluronic® F-127 (%) 0 2.5 5 

Curcumin (mg/mL) 1 3 5 

Dependent variables    

Particle size (nm) 

PDI 

Zeta potential (mV) 

Cur content (mg/mL) 

Minimize 

In range 

In range 

Maximize 

  

 

3.2.1.2. Preparation of Cur-NS  

Cur-NSs were prepared using a solvent-antisolvent precipitation method and a 

bottom-up approach. Ethanol acts as the solvent, while purified Milli-Q water is the 

antisolvent. In a typical procedure, Cur was dissolved in 5 mL of ethanol, then gradually 
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added to 10 mL of water containing predetermined amounts of Tween® 20 and 

Pluronic® F-127, as specified by the experimental design in Table 3, under vigorous 

magnetic stirring. The resulting mixture was left to stir overnight in a fume hood to 

ensure complete removal of the organic solvent. Subsequently, the suspensions were 

ultrasonicated in two 15-min sessions at 30% amplitude, with the temperature 

maintained at 5±3°C using an ice bath. The resulting Cur-NSs were then centrifuged at 

8,000 rpm for 20 min. The supernatant was collected, freeze-dried, and stored for 

further analysis. 

Table  3. The experiment was designed using Box-Behnken and the observed 

responses from each run 

Run Factors  Responses 

 Tween® 

20(%) 

Pluronic® 

F-127 

(%) 

Curcumin 

(mg/mL) 

 Size 

(nm) 

PDI Zeta 

(mV) 

Conc 

(mg/mL) 

1 2 2.5 1  61.12 0.359 -8.07 0.785 

2 1.25 5 5  24.00 0.267 -7.08 0.831 

3 1.25 2.5 3  33.45 0.388 -1.57 0.628 

4 1.25 2.5 3  45.85 0.165 -14.68 0.582 

5 1.25 2.5 3  86.19 0.366 -1.60 0.616 

6 1.25 2.5 3  28.44 0.393 -14.42 0.654 

7 2 2.5 5  63.49 0.299 -2.92 0.749 

8 1.25 5 1  57.79 0.336 -3.25 0.810 

9 0.5 2.5 5  45.51 0.408 -10.86 0.420 

10 2 5 3  35.36 0.338 -7.25 1.140 

11 0.5 5 3  37.70 0.361 -12.29 0.678 

12 1.25 0 5  168.77 0.163 -3.39 0.226 

13 0.5 0 3  169.33 0.359 -2.42 0.083 

14 0.5 2.5 1  68.88 0.152 -10.33 0.360 

15 1.25 0 1  153.00 0.256 -3.15 0.401 

16 1.25 2.5 3  42.72 0.152 -3.07 0.629 

17 2 0 3  198.83 0.322 -8.02 0.461 

 

3.2.2. Curcumin liposomes  

3.2.2.1. Experimental design 

A three-level Box-Behnken design was used to optimize the Cur-loaded 

deformable liposome, which helps in understanding the effects of variables and their 

interactions on the responses. The concentration of Tween® 20 (X1), oleic acid (X2), 

and Cur (X3) were chosen as independent variables. The desired critical parameters of 

Cur-Ls, such as particle size (Y1), PDI (Y2), zeta potential (Y3), and LC (loading 
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capacity) (Y4), were selected as response variables. The variables and their levels are 

depicted in Table 4. The results of the applied experimental design were analyzed using 

the ANOVA test by the DesignExpert® software. In addition, the conditions of each 

factor for optimizing the Cur-L formulation were confirmed and validated. 

Table  4. Independent and dependent variables and respective levels of Box-Behnken 

design for optimization of Cur-L 

Variables Uncoded variable level 

Low (-1) Center (0) High (+1) 

Independent variables    

Tween® 20 (%) 0 1.5 3 

Oleic acid (%) 0 0.75 1.5 

Curcumin (%) 1 5.5 10 

Dependent variables    

Particle size (nm) 

PDI 

Zeta potential (mV) 

LC of Cur (µg/mg) 

Minimize 

In range 

In range 

Maximize 

  

 

3.2.2.2. Preparation of Cur-L 

Cur-Ls were prepared using the thin-film hydration method. The liposomes 

were formed using 50 mM phosphatidylcholine (PC) and 50 mM cholesterol (CHO) at 

a 10:2 molar ratio, with different concentrations of Tween® 20, oleic acid, and Cur 

(Table 5). The concentration of Tween® 20, oleic acid, and Cur were expressed as a 

percentage of the total lipid content. Briefly, accurately weighted Cur and lipids were 

dissolved in a mixture of chloroform and methanol (in a 2:1 v/v ratio). Next, the 

solvents were evaporated by a nitrogen gas flow to make a thin film at the bottom of a 

test tube. These thin films were further dried by storing them in a desiccator for 10 h to 

eliminate any residual solvent. Subsequently, the thin films were hydrated with the 

phosphate-buffered saline (PBS) pH 7.4 containing Tween® 20 and oleic acid by vortex 

mixing for 10 min. This liposomal suspension was then sonicated using a probe 

sonicator (Vibra cell™, Sonics, and Materials, CT, USA) for 15 min, two times, to 

reduce the size of the liposomes. To remove any excess Cur, the liposomal suspension 

was then subjected to centrifugation at 12,000 rpm for 30 min at 4⁰C. Finally, the Cur-
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L present in the supernatants was carefully collected and stored at 4⁰C for subsequent 

investigations. As a control, Cur was dissolved in the solvents without lipids, and 

followed the same thin film hydration process as above to assess the presence of free 

Cur in the supernatant after centrifugation. 

Table  5. Experimental designed using Box-Behnken and the observed responses 

from each run 

Run Factors  Responses 

 Tween® 

20(%) 

Oleic acid 

(%) 

Curcumi

n     (%) 

 Size 

(nm) 

PDI Zeta 

(mV) 

LC 

(µg/mg) 

1 1.5 0.75 5.5  86.61 0.2 -35.7 6.6 

2 0 0.75 10  114.1 0.39 -17.9 1.9 

3 1.5 0.75 5.5  87.2 0.18 -37.3 11.2 

4 3 1.5 5.5  80.2 0.14 -34.7 10.8 

5 0 0 5.5  78.1 0.15 7.3 10.4 

6 0 0.75 1  96.9 0.2 -25.3 2.1 

7 1.5 1.5 1  99.5 0.16 -45 3.5 

8 1.5 1.5 10  110 0.17 -39.7 7.2 

9 3 0 5.5  58.2 0.01 -12.4 17.6 

10 3 0.75 1  63 0.25 -30.5 3.4 

11 1.5 0.75 5.5  75.1 0.2 -35.7 14 

12 1.5 0.75 5.5  88.6 0.2 -38.6 11.7 

13 1.5 0.75 5.5  76.7 0.22 -34 10.1 

14 3 0.75 10  61.2 0.22 -32.4 17 

15 1.5 0 1  64.4 0.17 -9.2 5.9 

16 1.5 0 10  73.2 0.21 -7.57 21.8 

17 0 1.5 5.5  112.6 0.21 -40.3 2 

 

3.3. Characterization and evaluation of optimized nanocurcumin 

3.3.1. Particle size, PDI, and zeta potential measurement 

After the preparation of Cur-NSs and Cur-Ls, the particle size, polydispersity 

index (PDI), and zeta potential were analyzed with a dynamic light scattering system 

using a Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, UK). The 

samples were diluted 100-fold with ultrapure Milli-Q water to reach the appropriate 

concentration for the analysis. Each sample was measured in triplicate at a scattering 

angle of 90° and a temperature of 25°C. 
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3.3.2. Drug content analysis 

The analysis of Cur content in the freshly prepared Cur-NS and Cur-L formulations 

using a reversed-phase HPLC (Agilent 1220 Infinity II, Agilent Technologies, Santa 

Clara, USA). Each sample was centrifuged at 10,000 rpm for 10 min at 25⁰C, and the 

resulting supernatant was then diluted in methanol, filtered through a 0.45-µm nylon 

filter, and subsequently subjected to HPLC analysis (69). In the case of Cur-Ls, the drug 

content within the liposomes was determined by extracting Cur from the liposomes 

using methanol (250 µL of Cur-L is stirred in 250 µL of methanol) before dilution for 

HPLC analysis.  A C18 analytical column with dimensions of 4.6×250 mm and particle 

size of 5 µm was used as the stationary phase, and an injection volume of 20 µL was 

employed. The mobile phase was a 50:50 mixture of acetonitrile and 2 %v/v acetic acid 

in water, with a 1.2 mL/min flow rate. The column temperature was kept at 33 ± 0.5°C, 

and the detection was performed at 425 nm using a UV–vis spectrophotometric 

detector. To create a standard curve for Cur, standard solutions were prepared in 

methanol, covering a concentration range from 0.78 to 50 µg/mL. The loading capacity 

of Cur in the liposomes was calculated using the following equation. 

𝐿𝐶(%) =
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶𝑢𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒𝑠

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑙𝑖𝑝𝑖𝑑𝑠
 𝑥 100                             𝐸𝑞. 1 

3.3.3. Transmission electron microscopy (TEM) 

The shape, size, and arrangement of the optimized Cur-NS and Cur-L were 

examined using a Transmission Electron Microscope (TEM) (Philips TECNAI 20, 

UK). Freshly prepared samples were carefully dropped onto carbon-coated copper 

grids, and the grid surfaces were allowed to dry under ambient conditions before 

observation. 

3.3.4. Powder X-ray diffraction (PXRD) 

A high-resolution X-ray diffractometer (Mini Flex 150 II, Rigaku, Tokyo, 

Japan) was used to assess the crystalline state and any potential microstructural changes 

in the NS during preparation and storage. The X-ray diffractometer scanned at a rate of 

4°C/min, and samples were analyzed at a 2θ angle range of 5–40°. The PXRD patterns 

of pure Cur, stabilizers (Pluronic® F-127, Tween® 20), their physical mixture, and Cur-

NS powder were recorded and compared.  
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3.3.5. Differential scanning calorimetry (DSC) 

A differential scanning calorimeter (Sapphire, Perkin Elmer, USA) was used to 

examine the thermal properties of Cur-NS powder. About 5 mg of each sample was 

placed in a hermetically sealed aluminum pan and heated at a rate of 10°C/min under a 

constant flow of nitrogen, with DSC thermograms being recorded. Aluminum oxide 

served as the standard reference material for temperature calibration. 

3.3.6. Fourier-transformed infrared spectroscopy (FTIR) 

An attenuated total reflection Fourier-transform infrared (ATR-FTIR) 

spectrometer (Nicolet iS5, Thermo Fisher Scientific, MA, USA) was employed to 

investigate potential interactions between the Cur and the stabilizers. The analyses were 

conducted with a resolution of 4 cm⁻¹ and a scanning range of 4000 to 500 cm⁻¹. 

3.3.7. In vitro drug release study 

The in vitro release profile of Cur-NS was examined using the dynamic dialysis 

method, modified from previous studies (70). A pure Cur suspension was prepared with 

a Cur concentration of 1 mg/mL in the release medium to compare Cur-NS. A total of 

2 mL of each sample was placed in a dialysis bag (MWCO, 6-8 kDa). The bags were 

immersed in a glass bottle containing 40 mL of a medium of PBS (pH 7.4) and ethanol 

in a 50:50 volume ratio to achieve sink conditions for Cur and Cur-NS. The glass bottles 

were then placed in a shaker incubator, shaken at 120 rpm, and maintained at 37 ± 

0.5°C. At specified time points (15, 30 min, 1, 2, 4, 8, 12, and 24 h), a 1 mL aliquot was 

withdrawn, and fresh medium was added to maintain a constant volume. The 

cumulative release of Cur at each time point was analyzed using HPLC. 

3.3.8. Stability study 

The stability of the optimized Cur-NSs was assessed to understand the impact of 

stabilizers on the physical stability of the formulation. Following lyophilization, the 

Cur-NSs were stored in sealed high-quality polypropylene tubes, shielded from direct 

sunlight, under various storage conditions: 25 ± 2°C with 60 ± 5%RH, and 5 ± 3°C with 

60 ± 5%RH. These conditions correspond to accelerated and long-term stability study 

conditions as recommended by the ICH Q1 (R2) guideline and the ASEAN guideline 

on the stability study of drug products intended for refrigerator storage (71). Samples 

were collected at designated time points (days 0, 7, 15, and 30), redispersed in high-
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purity water to achieve a Cur concentration of 0.5 mg/mL, and analyzed. The Cur-NSs 

are quantitatively assessed for particle size, PDI, and zeta potential using a Zetasizer. 

Additionally, the concentration of Cur in the Cur-NSs is quantified using HPLC to 

determine chemical stability. The Cur content is calculated as a recovery percentage 

relative to the initial amount using Eq. 2.  

% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶𝑢𝑟 𝑎𝑛𝑎𝑙𝑦𝑧𝑒𝑑

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶𝑢𝑟
 𝑥 100                                                    𝐸𝑞. 2 

3.3.9. DPPH Assay 

The antioxidant activity of Cur was assessed by the DPPH (2,2-Diphenyl-1-

picrylhydrazyl) assay, adapted from the previously published method (72). To 

determine the ability of Cur to scavenge DPPH free radicals in aqueous medium, Cur-

NS, Cur-L, and Cur suspension were prepared in PBS at concentrations ranging from 1 

to 256 µg/mL. The Cur suspension was subjected to 6 h of bath sonication for maximum 

dissolution. In a 96-well plate, each sample was mixed with a freshly prepared 0.2 mM 

DPPH methanolic solution at a 1:1 volume ratio. The scavenging reaction occurred in 

the dark at room temperature for 30 min. Absorbance was measured at 515 nm using a 

VICTOR Nivo Multimode Plate Reader (PerkinElmer, Germany). A blank sample 

containing PBS and DPPH solution served as a control. The percent inhibition of DPPH 

radicals was calculated following Eq. 3, and IC50 values were determined by a 

logarithmic fit plot. 

% 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
(𝐴𝑏𝑠. 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑠. 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒)

𝐴𝑏𝑠. 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 𝑥 100                                𝐸𝑞. 3 

3.3.10. Cytotoxicity 

The potential cytotoxic effects of Cur, Cur-NS, and Cur-L on normal human 

foreskin fibroblast (NHF) cells were evaluated using an MTT assay. NHF cells were 

cultured in serum-supplemented DMEM and seeded into a 96-well plate at a density of 

10,000 cells per well. The cells were incubated at 37°C with 95% air and 5% CO2 until 

they reached 80% confluence. Subsequently, the cells were exposed to Cur, Cur-NSs, 

or Cur-Ls in serum-free DMEM at concentrations ranging from 0.1 to 100 µg/mL for 

24 h. After exposure, the cells were rinsed with sterile PBS (pH 7.4) and treated with 

25 µL of 1 mg/mL MTT solution in FBS-supplemented DMEM. Following a 3 h 
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incubation period, the formazan precipitate formed was dissolved using 100 µL of 

DMSO, and absorbance was measured at 550 nm using a VICTOR Nivo Multimode 

Plate Reader (Perkin Elmer, MA, USA). Finally, the percentage of relative cell viability 

was calculated with Eq. 4. 

% 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝐴𝑏𝑠. 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑠. 𝑏𝑙𝑎𝑛𝑘

𝐴𝑏𝑠. 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑠. 𝑏𝑙𝑎𝑛𝑘
 𝑥 100                           𝐸𝑞. 4 

3.3.11. In vitro wound healing assay (scratch assay) 

The wound healing potential of the optimized Cur-NS was evaluated using the 

scratch assay, following established protocols (73). In brief, the 2×105 NHF cells per 

well were seeded into a 6-well plate. Once the cell monolayer reached confluency, a 

scratch was created using a sterile micropipette tip. The cell debris was then washed 

away with sterile PBS, and the cells in each well were treated with either Cur or Cur-

NS at a concentration of 1 µg/mL. Untreated wells served as controls. The cells were 

incubated in an atmosphere-controlled incubator. At 0, 24, and 48 h, images of cell 

migration across the scratch were captured using an inverted microscope. ImageJ 

software was used to measure the wound healing area, and the percentage of wound 

closure over time was calculated using Eq. 5. 

% 𝑊𝑜𝑢𝑛𝑑 𝑐𝑙𝑜𝑠𝑢𝑟𝑒 = ((𝐴𝑜 − 𝐴𝑡)/𝐴𝑜))  𝑥 100                                                     Eq. 5 

Where, A0 is the area of the wound measured immediately after scratching, and At is the 

area measured at 24 h or 48 h after the scratch. 

3.4. Preparation and optimization of hydrogel patches using experimental 

designs 

3.4.1. Genipin-crosslinked CS/PVP hydrogel patches 

3.4.1.1. Experimental design 

A simplex centroid mixture design was used to optimize the composition of 

hydrogel formulations with maximized swelling rate Y1, gel fraction Y2, and 

mechanical strength Y3. This mixture design approach is an efficient way to the effect 

of composition change on the properties of the obtained hydrogels, in which all 

ingredients of the mixture sum up to 100%. To determine the experimental parameters, 

preliminary tests were conducted to explore the range of mixtures where a hydrogel 
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could be successfully formed using genipin as the crosslinker. Considering that genipin 

was a well-recognized cross-linking agent for polymers containing amines, a 

concentration of genipin was explored between 0.5 and 2% w/w of the CS polymer to 

set a constant concentration for all experiments. The proportion of 3% w/w CS, 5% 

w/w PVP, and 5% PVA in the hydrogel formulation were investigated. In this study, the 

lower and upper limit for the mixture's components was illustrated in Table 6. The 

ANOVA analysis was performed, which was provided in the software to obtain the 

composition of hydrogel patch formation with the optimal hydrogel properties (Y1, Y2, 

and Y3). 

Table  6. Variables and levels of each component selected for the mixture design for 

the hydrogels 

Mixture components Levels (%) 

Lower Upper 

A: 3% CS 70 100 

B: 5% PVP 0 30 

C: 5% PVA 0 30 

 

3.4.1.2. Preparation of genipin-crosslinked CS/PVP hydrogel patches 

The hydrogel patches were prepared according to the composition defined by 

each experimental point Table 7. Initially, individual polymer solutions were prepared 

at their specific concentrations. CS was dissolved in a 1% v/v acetic acid solution and 

stirred overnight at room temperature to get a 3% w/w viscous solution with a pale-

yellow color. A transparent 5% PVP solution was obtained by dissolving PVP in pure 

water with constant stirring for 2 h at room temperature. To obtain a 5% PVA solution, 

PVA was dispersed in hot water (heated at 80⁰C) and continuously stirred for 2 h. 

Regarding a 2% w/v genipin solution, genipin was dissolved in water in an ultrasonic 

water bath for 20 min. First, the polymer solutions were mixed by magnetic stirring at 

ambient temperature for 20 min to ensure a homogeneous polymer mixture. The genipin 

solution was then added to the mixture in two separate portions, with 5-minute intervals 

between each addition. Next, the hydrogel solutions were poured into a plastic mold 

after degassing. The mold was incubated at 40⁰C overnight to facilitate crosslinking. 
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Before analysis, the mold sample was hermetically sealed with paraffin and stored in a 

refrigerator.  

Table  7. Experimental points of independent factors and response variables used in 

DoE 

Experimental 

points 

Factors (%) Responses 

A:3%CS B:5%PVP C:5%PVA Y1: %SW Y2: DC Y3: MS 

1 85 15 0 558.10 80.11 229.10 

2 85 0 15 412.09 81.38 245.27 

3 70 0 30 342.89 80.92 230.00 

4 85 0 15 413.61 82.86 244.63 

5 85 15 0 587.40 78.74 228.50 

6 70 15 15 264.63 85.22 224.00 

7 100 0 0 375.67 81.58 231.83 

8 70 30 0 439.19 87.90 238.00 

9 70 30 0 414.65 88.26 239.00 

10 90 5 5 288.19 79.41 232.77 

11 80 10 10 242.36 81.65 239.80 

12 70 0 30 407.07 79.38 231.00 

13 100 0 0 321.83 81.17 231.57 

14 75 20 5 306.31 82.46 235.17 

15 75 5 20 263.11 84.08 241.27 

 

3.4.2. HA/PVA/PNVP-ITA hydrogel patches 

3.4.2.1. Synthesis and characterization of PNVP-ITA copolymer 

 PNVP-ITA was synthesized by a surfactant-free emulsion polymerization 

reaction. The aim was to create a polymer containing carboxyl and carbonyl groups to 

enhance the cross-linking density in optimized hydrogels. In this process, V50 (2% 

w/w)  was used as a radical polymerization initiator and added to 100 mL of deionized 

water, which was heated to 75°C while flushed with nitrogen to maintain an inert 

atmosphere. Concurrently, NVP (10 mmol) and ITA (30 mmol) were dissolved in 10 

mL of chloroform. This monomer solution was gradually introduced into the heated 

initiator solution under inert conditions and allowed polymerize for at least 18 h. The 

reaction mixture was then cooled down and purified by dialysis (using a MWCO 3.5 

kDa membrane) against deionized water for 3 days, with the water being replaced every 

6 h. Finally, the purified polymer was collected after lyophilization. To confirm the 
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polymerization between the NVP and ITA, the synthesized polymer was characterized 

using FTIR and 1HNMR. FTIR was performed as described in section 3.3.6. 1H-NMR 

analysis was applied using a 300 MHz nuclear magnetic resonance spectroscopy 

(Bruker AVANCE III HD, Billerica, MA, USA). The NMR spectra were recorded by 

chemical shifts in parts per million (ppm) over 0-14. 

3.4.2.2. Experimental design 

A central composite design was used to optimize HA and PVA hydrogel 

formulation. In this study, two components of hydrogel were chosen as independent 

variable factors: HA (A1) and 20% PVA (A2) , whereas water (85%) was considered a 

constant. By changing the amount of two factors concurrently and keeping their total 

concentration constant, the produced swelling rate (Y1), mechanical strength (Y2), and 

gel fraction (Y3) were observed as responses. The design was applied to analyze the 

resulting data using the DesignExpert® software version 11.0.0. In addition, the 

compositions for the formulation of hydrogel patch with the desired swelling rate, 

mechanical strength, and gel fraction were determined and validated. The lower and 

upper limits for the components of the mixture are shown in Table 8. 

Table  8. Factors and their examined levels in Mixture Design 

Mixture component Levels (%) 

Lower Upper 

A1: HA 0 5 

A2: 20%PVA 10 15 

 

3.4.2.3. Preparation of HA/PVA/PNVP-ITA hydrogel patches 

The PVA solution (20 %w/v) was prepared by dispersing PVA powder in hot 

deionized water (80°C) and stirred until homogeneous. The PVA solution was mixed 

with HA in specific percentages (Table 9). Further, aluminum glycinate (0.2%) and 

malic acid (0.1%) were obtained as cross-linker and cross-linking regulators. Malic acid 

was added to the polymer mixture, whereas aluminum glycinate was dispersed in 30% 

glycerin. Then, the glycerin dispersion was added to the polymer mixture and gently 

mixed until homogeneous. The mixtures (10 g) were slowly poured into an acrylic mold 
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to avoid air bubbles in the patch. These polymer mixtures were subjected to 4 freeze-

thaw cycles. A cycle of freezing at −20°C for 18 h and thawing at room temperature for 

6 h was conducted (74). The optimized hydrogel patch was added with 2 wt% PNVP-

ITA to improve the properties of the hydrogel patch.  

Table  9. Experimental runs generated by central composite design with Input Factors 

and Output Responses 

Formulation 

Input factors  Output responses  

A1: HA 

(%) 

A2: PVA 

(%) 

Y1: Swelling 

(%) 

Y2: Young’s 

modulus 

(Pa/%) 

Y3: Erosion 

(%) 

H1 2.5 12.5 168.45 97.43 38.02 

H2 2.5 12.5 191.72 100.28 37.16 

H3 5 10 208.37 146.03 38.55 

H4 0 15 123.93 100.06 20.03 

H5 0 15 120.39 98.02 16.31 

H6 5 10 172.02 143.87 37.16 

H7 1.25 13.75 213.11 103.63 35.64 

H8 3.75 11.25 161.23 106.19 37.71 

H9 5 10 187.00 142.91 37.90 

H10 0 15 121.55 99.35 18.51 

 

3.5. Incorporation of nanocurcumin into the optimized hydrogel patches 

3.5.1. Loading of Cur-NS into the genipin-crosslinked CS/PVP hydrogel patches 

The hydrogel polymeric solution was prepared first using the same method as 

previously described in section 3.4.1.2. During the mixing stage, lyophilized Cur-NSs 

were integrated at various concentrations (1, 3, and 5% w/w, referred to as Cur-1, Cur-

3, and Cur-5) based on the weight of the polymers. To achieve a uniform distribution 

of Cur in the hydrogel, the mixture of Cur-NSs and the polymers was stirred 

mechanically for an additional 30 min. Following this, 0.5 mL of a 2% Genipin solution 

was introduced into the resulting mixture, and the subsequent steps of degassing, 

molding, and crosslinking were performed, as previously explained. The Cur-NS-
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loaded hydrogels were gently washed with water to eliminate virtually all unreacted 

(free) molecules.  

3.5.2. Loading of Cur-L into the HA/PVA/PNVP-ITA   hydrogel patches 

The optimized Cur-L was incorporated into the pre-formed HA/PVA/PNVP-

ITA hydrogel through absorption. In brief, the hydrogel was cut into 1.5 x 1.5 cm2 and 

accurately weighed. These hydrogel samples were then immersed in a solution of Cur-

L equivalent to 0.5% w/w of the polymer (Cur-0.5%) for 24 h at room temperature 

while protecting them from light. Subsequently, the Cur-L loaded hydrogels were gently 

wiped with tissue to remove any unloaded Cur-L from their surface and then stored at 

2-8°C, protected from light, for further investigations. 

3.6. Characterization and evaluation of Cur-loaded nanocomposite hydrogels 

3.6.1. Swelling (%) 

Determining the percent swelling of hydrogels is an essential step in the 

characterization of hydrogel patches to confirm the hydrogel formation and their 

absorbency capacity. The measurement was performed using a gravimetrical method. 

PBS (pH 7.4) was used as the swelling medium to mimic the properties of wound fluid. 

The pre-weight of each experimental sample (1.5 × 1.5 cm2) was dried in a hot air oven 

at 60°C. Then, the dried samples were introduced into a glass bottle filled with 10 mL 

of PBS and maintained at 37°C. If their swelling equilibrium was reached, the weight 

of swollen samples was recorded. The percentage of swelling was calculated following 

Eq. 6. 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (%) =  ((𝑊𝑠 − 𝑊𝑑1)/𝑊𝑑1) 𝑥 100                                                                 𝐸𝑞. 6 

Where, 𝑊𝑠 and 𝑊𝑑1 represent the weight of hydrogel in a swollen state and a dry state.  

3.6.2. Crosslinking (%) 

    The crosslinking percentage was examined to verify the crosslinking density 

within the polymeric chains of the hydrogel matrix.  Hydrogel samples size of 1.5 × 1.5 

cm², were cut and dried to attain a constant weight. Subsequently, these dried samples 

were immersed in PBS (pH 7.4) at room temperature until they reached equilibrium 

swelling. The swollen samples were then dried at 60°C until a constant weight (𝑊𝑑2) 
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was achieved. The percentage of crosslinking, also referred to as the insoluble gel 

fraction, was determined using Eq. 7. 

𝐶𝑟𝑜𝑠𝑠𝑙𝑖𝑛𝑘𝑖𝑛𝑔 (%) = (𝑊𝑑2/𝑊𝑑1) 𝑥 100                                                                        𝐸𝑞. 7 

Where, 𝑊𝑑1 and 𝑊𝑑2 represent the dried weight of hydrogel before and after swelling. 

3.6.3. Erosion (%) 

 The hydrogel erosion was studied to determine the cross-linking density of the 

patch. Each hydrogel was dried in an oven at 60°C until a constant weight was achieved 

(W0). Then, the patch was swollen in 25 mL of deionized water for 24 h and dried under 

the same condition. The final dried hydrogel was re-weighed (Wi). The percentage of 

erosion was computed using equation 8: 

%𝐸𝑟𝑜𝑠𝑖𝑜𝑛 = ((𝑊𝑜 − 𝑊𝑖)/𝑊𝑜) 𝑥 100                                                          Eq. 8 

Where, W0 and Wi  represent the initial and final dried weight of hydrogel. 

3.6.4. Mechanical properties  

The appropriate mechanical properties of hydrogel dressings are pivotal for 

ensuring essential physical integrity that support the promotion of wound healing, 

particularly in terms of their ability to withstand applied forces as wearable patches. To 

assess these properties, both compression test and tensile test were conducted using a 

texture analyzer (TA.XT Plus, Stable Micro Systems, Godalming, UK). The 

compression test was carried out using a 5-mm stainless steel ball probe attached to a 

texture analyzer, with the compressive mode at a constant speed of 2 mm/s. The probe 

was lowered and pressed onto the hydrogel samples (which are cut into square shapes 

with an area of 15 x 15 mm) until it broke. To perform a tensile test, the prepared 

samples were cut into a dumbbell shape with a length of 35 mm and a width of 2 mm. 

Both ends of the dumbbell-shaped samples were clamped and stretched at a constant 

velocity of 1 mm/s until the breaking point. The values of compressive strength, and 

Young’s modulus were calculated with the following equations. 

𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ =
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑓𝑜𝑟𝑐𝑒 𝑎𝑡 𝑏𝑟𝑒𝑎𝑘𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡

𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
                         𝐸𝑞. 9 

𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 =
𝑆𝑡𝑟𝑒𝑠𝑠

𝑆𝑡𝑟𝑎𝑖𝑛
                                                                                         𝐸𝑞. 10 
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3.6.5. Water vapor transmission rate (WVTR) 

The water vapor transmission rate of the optimized hydrogel patches was 

investigated to ensure efficient gases exchange through the patch as well as moisture 

transfer efficiency. The circular-shaped samples were prepared and then placed on the 

open end of the glass bottles filled with 10 mL of distilled water. The bottles, with the 

hydrogel samples, were weighed and incubated at 37°C and 75%RH for 24 h. Following 

the incubation time, the bottle weights were measured again to determine WVTR using 

Eq. 11. 

𝑊𝑉𝑇𝑅 = (𝑊0/𝑊𝑡)/𝐴                                                                                                      𝐸𝑞. 11 

Where,  𝑊0  and 𝑊𝑡 represent the weight of the bottles with the samples before and 

after incubation, whereas 𝐴 is the area of the bottle mouth. 

3.6.6. Morphology analysis (Scanning Electron Microscope) 

The microstructure of the optimized hydrogels, particularly their pore topology, 

was observed using an SEM (Mira3, Tescan, Czech Republic). Obtaining accurate 

information about the morphology of hydrogels in their natural swollen state is crucial 

to obtaining hydrogels with optimal properties for their applications. Therefore, the 

hydrogel samples were first swelled in water for 1 h and then lyophilized. Before SEM 

observation, the lyophilized samples were cut into transverse sections and consequently 

coated with a thin layer of gold to make conductive specimens in a vacuum. Then the 

images of each sample were captured using an accelerating voltage of 10 kV at 100x, 

200x and 1000x magnification. 

3.6.7. Infrared spectroscopic analysis (FTIR) 

The structural characterization of hydrogel samples was conducted using an 

ATR-FTIR spectrometer (Nicolet iS5, Thermo Fisher Scientific, MA, USA). The FTIR 

spectra were recorded across the wavelength range of 4000 to 500 cm-1 with a resolution 

of 4 cm-1. 

3.6.8. Loading capacity (LC) and entrapment efficiency (EE) 

The HPLC analysis was used to determine the total amount of Cur in the 

hydrogel patch. To do this, accurately weighted samples were first crushed and then 

placed in methanol-containing bottles (30 mL). The hydrogel fragments are 
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continuously shaken at 50 rpm for 4 h using a shaking incubator. The drug extracted 

from the hydrogel was then diluted in methanol and filtered through a 0.45-µm nylon 

filter before being quantified using an HPLC (Agilent 1220 Infinity II, Agilent 

Technologies, Santa Clara, USA). The LC and EE (%) were calculated using equations 

12 and 13, respectively.  

𝐿𝐶 =
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶𝑢𝑟 𝑖𝑛 𝑡ℎ𝑒 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑝𝑎𝑡𝑐ℎ

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑝𝑎𝑡𝑐ℎ
                                   𝐸𝑞. 12 

𝐿𝐸(%) =
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶𝑢𝑟 𝑖𝑛 𝑡ℎ𝑒 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑝𝑎𝑡𝑐ℎ

𝑇ℎ𝑒𝑜𝑟𝑎𝑡𝑖𝑐𝑎𝑙 𝑙𝑜𝑎𝑑𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶𝑢𝑟
𝑥 100                𝐸𝑞. 13 

3.6.9. In vitro drug release studies 

The release capacity of Cur-NSs from the CS/PVP hydrogels was assessed by 

the swelling method. The hydrogels, weighing approximately 1 to 1.5 g, were immersed 

in glass bottles containing 40 mL of releasing medium PBS (pH 7.4) with 0.5% Tween® 

80) to maintain sink condition. Subsequently, the glass bottles were introduced into a 

shaker incubator, subjected to continuous shaking at 100 rpm, and maintained at a 

constant temperature of 37 ± 0.5°C. An aliquot of the release medium was withdrawn 

at specific time intervals (5, 15, 30, 45 min, 1, 2, 4, 8, 12, and 24 h). The removed 

volume was then replenished with the same medium volume, ensuring a constant 

volume of 40 mL. The cumulative release of Cur at each time point was then analyzed 

using the HPLC method described earlier. Moreover, the release behavior of Cur-Ls 

from HA/PVA/PNVP-ITA hydrogel was also examined. The hydrogel (1×1 cm2) was 

taken from a randomly selected area, which was expected to contain 175 µg of Cur. The 

Cur solution and Cur-Ls samples could be prepared at an equivalent initial Cur content 

to quantify their release via dialysis. First, 1 mL of the sample solution was enclosed 

within a dialysis bag (CelluSep® T2, TX, USA; MWCO, 6–8 kDa). The bag was placed 

in a glass bottle containing 10 mL of 20% PEG 400 in PBS (pH 7.4) to establish 

appropriate sink condition (75). The experiment was conducted at 32 ± 2°C inside a 

shaking incubator agitated at 100 rpm. At 0, 0.25, 0.5, 1, 2, 6, 8, and 12 h intervals, 1 

mL aliquot of the release medium was withdrawn and replaced with an equal volume 

of fresh medium. Cur content was quantified using HPLC to calculate the cumulative 

drug release. To study the release mechanism of Cur from the hydrogel, the obtained 
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data were fitted to kinetics release models, such as zero-order, first-order, Higuchi, 

Korsmeyer-Peppas, etc. 

3.6.10. In vitro biocompatibility studies 

The biocompatibility of the prepared hydrogel patches was examined by 

conducting cell viability assessments using an MTT assay on NHF cells. Briefly, 50,000 

cells were seeded per well in a 48-well plate and then incubated at 37°C in a 5% CO2 

atmosphere for 24 h. The hydrogel samples were sterilized by UV light exposure for 30 

min on each side and subsequently immersed in DMEM for 2 h. The fully swollen 

hydrogels were placed on top of monolayer cells and further incubated for 24 h after 

adding 0.5 mL of DMEM. After that, the cells were rinsed with PBS (pH 7.4), and then 

incubated for 3 h with an MTT solution. The resulting formazan precipitate was 

dissolved by adding DMSO. The cell viability was evaluated by measuring the 

absorbance at 550 nm. The assay was performed in triplicate, and the % cell viability 

was determined using Eq. 14. 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦(%) =
𝐴𝑏𝑠. 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑠. 𝑏𝑙𝑎𝑛𝑘

𝐴𝑏𝑠. 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑠. 𝑏𝑙𝑎𝑛𝑘
 𝑥  100                                      𝐸𝑞. 14 

3.6.11. In vitro antibacterial studies 

       The antibacterial efficacy of hydrogels, with and without nanocurcumin, was 

evaluated using a disc diffusion method specifically against Staphylococcus aureus (S. 

aureus). Initially, a well-isolated colony of S. aureus was suspended in a tryptic soy 

broth (TSB) medium and allowed to incubate overnight. The bacterial concentration 

was then adjusted to 108 CFU/mL (0.5 McFarland turbidity). After sterilizing the 

hydrogel samples through a 30-min UV exposure on both sides, they were placed on a 

top of bacterial suspension-spread tryptic soy agar (TSA) plates and incubated at 37°C 

for 24 h. The antibacterial activity was determined by measuring the inhibition zone 

formed by each sample. 

3.6.12. In vivo wound healing studies 

The animal protocol (ID project no. 2/2566; March 23, 2023) was approved by 

the institutional animal ethics committee of Silpakorn University, Nakhon Pathom, 

Thailand. Male Wistar rats, aged 7 weeks and weighing 310-360 g, were obtained from 

the National Laboratory Animal Center at Mahidol University in Nakhon Pathom, 
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Thailand. The rats assigned to this study were individually housed in polypropylene 

cages and divided into three groups, each containing three rats. 

      Group I was provided with a gauze bandage (negative control). 

Group II received a commercial wound healing patch (positive control). 

Group III was given a CurL-embedded HA/PVA/PNVP-ITA hydrogel patch or a 

CurNS-loaded CS/PVP hydrogel patch. 

The rats were kept under controlled room conditions at a temperature of 25 ± 

2°C, with a relative humidity of 60 ± 10% and a 12/12-hour light-dark cycle. They were 

fed a typical laboratory diet and given unrestricted access to water (082G/15, National 

Laboratory Animal Center, Mahidol University, Nakhon Pathom, Thailand). An 8-mm-

diameter circular wound was created with sterile scissors on the dorsal thoracic region 

of each rat (one incision on the left and one on the right) under proper anesthesia 

induced by intraperitoneal administration of pentobarbital (50 mg/kg). All sample 

patches, sized 1.5 × 1.5 cm, were terminally sterilized using UV light for 15 min per 

side before testing. For Group III, the patches were applied to the wounds and covered 

with Tegaderm™ occlusive film to prevent displacement during the experiment. 

Progressive changes in wound size were photographed and measured using a ruler to 

calculate the percentage of wound recovery (Eq. 15) on days 0, 3, 5, 7, and 10. 

𝑊𝑜𝑢𝑛𝑑 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =  ((𝐴𝑜 − 𝐴𝑡)/𝐴𝑜))  𝑥 100                                                 𝐸𝑞. 15 

Here, 𝐴0 is the initial wound area, while 𝐴𝑡 represents the wound area observed at 

different time intervals. 

3.7. Statistical analysis 

All measurements were performed in triplicate, and the results were presented 

as mean values ± standard deviation (SD). Statistical analysis was conducted using 

SPSS® software version 19 (SPSS Inc., Chicago, IL). An independent two-sided t-test 

was used for comparing two groups, while an ANOVA followed by a post-hoc or Tukey 

test was applied for comparisons among multiple groups. A p-value of less than 0.05 

was considered statistically significant. 

 



 

CHAPTER 4 

RESULTS AND DISCUSSION 

4.1. Nanocurcumin 

4.1.1. Curcumin Nanosuspensions 

4.1.1.1. Optimization of Cur-NSs formulation using Box-Behnken design 

The design of experiments was employed to determine the optimal conditions 

and composition for preparing Cur-NSs. The Box-Behnken design was chosen for 

optimization because it can create higher-order response surfaces with fewer runs 

compared to a standard factorial approach. The independent variables included Tween® 

20 (X1: 0.5–2%), Pluronic® F-127 (X2: 0–5%) as system stabilizers, and the amount of 

Cur (X3: 1–5 mg/mL). These variables were input into the design program, which 

generated 17 experimental runs. The concentration ranges were determined based on 

preliminary studies to ensure the formation of Cur-NSs. The responses, including 

particle size, PDI, zeta potential, and Cur concentration, were measured after 

characterizing each experimental run, and the results are presented in Table 3. The Cur-

NSs produced from the designed experiments had particle sizes ranging from 24 to 198 

nm, with a PDI ranging from 0.152 to 0.408. The PDIs below 0.5 indicate that the Cur-

NSs were relatively homogeneous, and the dispersion of the NSs after the preparation 

procedure was satisfactory (76). The zeta potential of all Cur-NSs was slightly negative 

(ranging from -14.68 to -1.57 mV), which can be attributed to the combined effects of 

the curcumin's chemical properties, the interaction with the nonionic surfactants, and 

the adsorption of ions from the surrounding medium (77). Finally, the concentration of 

Cur analyzed from its supernatant after centrifugation ranged between 0.083 and 1.140 

mg/mL. Several factors influenced the resulting particle size and zeta potential, 

including the molecular structure and initial particle size. Regarding the zeta potential, 

both Pluronic® F-127 and Tween® 20 are nonionic components. The carbonyl groups 

on their structures may lead to more negative zeta potential values under certain 

conditions (78-80). The center points were repeated to validate these influences and to 

provide a more accurate prediction of the parameter impacts. Tween® 20 and Pluronic® 

F-127 were chosen as stabilizers in this study due to their desirable safety profiles as 

polymeric surfactants, and their combination was expected to yield a more stable 

nanosuspension (NS) formulation.  
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Figure  4. The 3D surface response plots show the effect of independent factors (A: 

Tween® 20 and B: Pluronic® F-127with C: Cur content fixed at the center point) on 

various responses: a) particle size, b) PDI, c) zeta potential, and d) Cur concentration. 

After the responses were analyzed by the software, the relationships between 

the input factors (amount of Tween® 20 and Pluronic® F-127, with Cur content fixed at 

the center point) and each response were illustrated in the 3D surface plot (Fig. 4). As 

shown in Fig. 4(a), the variation in the amount of Tween® 20 had no impact on particle 

size, whereas the addition of Pluronic® F-127 resulted in smaller particle sizes 

(indicated by the blue areas). The concentrations of the stabilizers did not significantly 

influence the PDI and zeta potential of the Cur-NSs, as demonstrated in Fig. 4(b) and 

(c), respectively. Meanwhile, increased percentages of Tween® 20 and Pluronic® F- 127 

a) 

d) c) 

b) 
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led to a higher concentration of Cur (shown by the red areas) after the preparation of 

Cur-NSs Fig. 4(d).  

Y1 (Size) = 47.33 + 4.67X1 – 66.89X2 – 4.88X3 – 7.16 X1X2 + 6.44X1X3 – 12.39X2X3 

+ 10.92X1
2 + 52.06X2

2 + 1.50X3
2                Eq. 16 

Y4 (Conc) = 0.5914 + 0.1992X1 + 0.2861X2 – 0.0162X3                                                         Eq. 17 

For predicting the significant dependent variables, the coded equations to 

estimate particle size and Cur concentration are presented in Eq. (16) and Eq. (17), 

respectively. It is possible to predict the response for specific levels of each component 

using the equation expressed in terms of coded factors. By comparing the factor 

coefficients, the coded equation can determine the relative importance of the 

components. The equations suggest that Pluronic® F-127 (X2) has the greatest impact 

on particle size and Cur content compared to the other independent variables. Increasing 

the amount of Pluronic® F-127 in the formulation increases both the particle size of the 

Cur-NS and the Cur content, as indicated by the equations. This parameter also interacts 

with other parameters (X1 and X3), which further emphasizes its influence on particle 

size. However, the influence of X2 on Cur content alone is insufficient to cause 

significant changes.  

Based on the results of each experiment conducted, the data were analyzed and 

optimized for the formulation of Cur-NS using DesignExpert® software. The criteria 

presented in Table 10 were used to analyze the optimal Cur-NS formulation. All input 

parameters were kept within the range studied. The particle size range obtained from 

the 17 experiments was within the nanoscale, making the entire range acceptable and 

used as the criterion for selecting the optimized Cur-NS. Although the independent 

variables did not significantly influence the PDI or zeta potential, the optimization 

criteria required the PDI to be maintained below 0.3, indicating a more homogeneous 

particle size distribution. Lastly, the concentration of Cur acquired was requested to be 

maximized which would provide greater yield of Cur. The optimized Cur-NS 

formulation was found to contain 2% Tween® 20, 4.97% Pluronic® F-127, and 1 mg/mL 

of Cur. The optimized formula demonstrated a high desirability value of 0.952. The 

multi-response optimization was evaluated using desirability, with acceptable and 
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excellent desirability values ranging between 0.8 and 1, indicating the high quality of 

the formulation  (81).  Confirmation experiments (n = 3) were conducted to verify the 

optimized Cur-NS formulation, comparing predicted responses with actual values 

obtained from the experiments (Table 11). It was found that all responses were 

comparable to the predicted values (p > 0.05). This indicates that the optimized 

formulation was achieved, providing nanosized homogeneous particles with a slightly 

negative surface charge and maximized Cur concentration. The optimized Cur-NSs 

were then prepared for further experiments. 

Table  10. The criteria for the optimization of Cur-NS and the optimized formulation 

 

 

Table  11. The comparison of the software-predicted values and experimentally 

observed values of the optimized Cur-NSs formulation 

 

 

 

Factors Goal Lower 

limit 

Upper 

limit 

Solution Desirability 

X1: Tween® 20 

(%) 

 is in range 0.5 2 2 0.952 

X2:  Pluronic® 

F-127 (%) 

 is in range 0 5 4.97  

X3: Curcumin 

(mg) 

 is in range 1 5 1  

Size (nm)  minimize 50 190   

PDI  is in range 0.1 0.3   

Zeta (mV)  none -14.68 -1.57   

Conc (mg/mL)  maximize 0.0833793 1.14049   

Responses Predicted mean Actual mean P-value 

Size (nm) 51.98 ± 18.90 47.51 ± 10.67 0.7395 

PDI 0.30 ± 0.09 0.27 ± 0.13 0.8024 

Zeta (mV) -6.73 ± 4.49 -8.98 ± 4.00 0.5520 

Conc: (mg/mL) 1.09 ± 0.05 1.16 ± 0.03 0.1211 
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4.1.1.2. Characterization and evaluation of the optimized Cur-NS 

4.1.1.2.1. Transmission electron microscopy (TEM) 

 TEM confirmed the morphology and size of the Cur-NS. As shown in Fig. 5, 

the Cur-NS appeared mostly spherical with some irregular-shaped particles. The 

particle size was approximately 50 nm, consistent with the findings from the dynamic 

light scattering method used by the Zetasizer. The examination confirmed that the Cur-

NS was successfully prepared under the optimized conditions developed.  

 

 

 

 

 

 

 

 

 

Figure  5. TEM image of Cur-NSs showing somewhat spherical and some irregular-

shape particles with the size correlated to the optimization 

4.1.1.2.2. Thermal property and crystallinity 

 The thermal properties of the Cur-NS were examined using DSC, and their 

crystallinity was investigated using PXRD. Fig. 6(a) and (b) show the DSC thermogram 

and PXRD pattern of Cur-NSs, Cur, and the stabilizers. The properties of Cur-NS were 

found to be altered compared to Cur, especially after stabilization with Tween® 20 and 

Pluronic® F-127. The thermal characteristics of Cur-NS were influenced by Pluronic® 

F-127, and the changes observed in the drug relative to Cur powder were no longer 

present. Similarly, the crystallinity of Cur-NS appeared to have shifted from the 

crystalline form of Cur to an amorphous state, as evidenced by the absence of the 

crystalline pattern observed in Cur. The amorphous pattern of Cur-NS was not 

observable due to interference from the pattern of the stabilizer, Pluronic® F-127. 

Several studies have reported that the formulation of nanosuspensions can result in the 

formation of the amorphous form of the active ingredient, or in some cases, a mixed 
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form of crystalline and amorphous states (82-85). Crystalline nanosuspension, often 

referred to as nanocrystals, consists of pure active ingredients in nano-scaled particles. 

The amorphous state is desirable for hydrophobic drugs like Cur, as it enhances drug 

dissolution and efficacy in aqueous environments (86, 87). 

 

Figure  6. a) The DSC thermogram and b) PXRD pattern of Cur, Cur-NS, Tween® 20, 

and Pluronic® F-127 

4.1.1.2.3. Fourier-transformed infrared spectroscopy (FTIR) 

 The interaction between the nanosized Cur and the stabilizers was examined 

using ATR-FTIR. The spectrum of Cur showed a broad O-H stretching peak at 3324 

cm− 1, and C=O and C=C peaks of substituted aromatic rings at 1627 cm− 1 and 1595 

cm− 1, respectively. Additionally, the spectrum of Cur showed peaks for C=C of 
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aliphatic alkene at 1510 cm− 1 and ether C-O at 1264 cm− 1 (Fig. 7). Pluronic® F-127 

influenced the presentation of Cur-NS as observed in the DSC thermogram and PXRD 

pattern. The spectra of Cur-NS and Pluronic® F-127 showed peaks for C-H stretching 

at 2853 cm− 1, O-H bending at 1453 cm− 1, and polymeric C-O stretching at 1336 cm− 1 

(88). However, the spectrum of Cur-NS showed consistency with the Cur spectrum at 

the C=O stretching and C=C of the substituted aromatic ring, indicating a mixture of 

Cur with the stabilizers. Thus, no clear interaction between the stabilizers and Cur was 

observed. A more sensitive instrument, such as atomic force microscopy, may be 

required to determine interactions in the dry state  (89). 

 

Figure  7. The ATR-FTIR spectra of Cur, Cur-NS, Pluronic® F-127, and Tween® 20 

4.1.1.2.4. Stability study 

 The stability of Cur-NSs was monitored by storing them at different 

temperatures (5°C and 25°C) and re-assessing particle size, PDI, zeta potential, and 

%EE at different time intervals. Results indicated that Cur remained fully stable at both 

temperatures for up to 7 days. However, the stability was slightly enhanced at 5°C, 

permitting storage for up to 15 days, as demonstrated in Table 12. Particle growth and 
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a decrease in % recovery was observed by day 15 when stored at 25°C. These trends 

persisted through day 30 for both storage conditions. However, after one month, the 

redispersed Cur-NSs appeared yellowish and clear, with no precipitation or undissolved 

particles observed (Fig. 8). The stability of the Cur-NSs remained considerable after 30 

days of storage under both conditions. Therefore, the Cur content should be re-

evaluated before use, as its concentration may decrease following extended storage 

periods. 

Table  12. The stability of Cur-NSs after being stored at 4 and 25°C for 30 days 

 

 

 

 

 

 

 

Figure  8. The freshly prepared Cur-NS (Day 0) and re-dispersed Cur-NS (Day 30) 

Cur-NSs stored at 5°C 

Time Size (nm) PDI Zeta potential 

(mV) 

%Recovery 

Day 0 33.43±0.25 0.28±0.04 -7.56±7.36 97.56±7.36 

Day 7 42.89±14.66 0.20±0.20 -8.20±0.15 95.97±5.91 

Day 15 51.01±13.87 0.27±0.08 -7.98±2.43 95.97±5.91 

Day 30 74.96±51.96 0.45±0.19 -11.67±0.18 79.82±6.13 

Cur-NSs stored at 25°C 

Time Size (nm) PDI Zeta potential 

(mV) 

%Recovery 

Day 0 35.95±0.76 0.32±0.01 -8.76±1.39 97.96±11.72 

Day 7 49.94±5.44 0.18±0.02 -6.16±0.23 92.52±3.37 

Day 15 70.19±15.54 0.23±0.12 -9.60±8.40 80.15±4.46 

Day 30 101.97±23.84 0.20±0.02 -12.69±0.74 79.29±3.43 

Day-0 Day-30 
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4.1.1.2.5. In vitro drug release study 

 The release from the dialysis bag was conducted to demonstrate and compare 

the dissolution of Cur-NS with Cur solution. With an equivalent amount of Cur and 

under identical experimental conditions, Cur-NS exhibited a significantly more rapid 

release than Cur solution. At 12 hours, the release of Cur was about 23%, whereas the 

release of Cur-NS was nearly complete (89%) at this time point (Fig. 9). This 

accelerated release was attributed to the dissolution of the nanosized Cur-NS, which 

underwent polymorphic changes and were aided by surfactant dispersion, resulting in 

a faster dissolution rate compared to Cur. This finding aligns with literature reports 

indicating that NS formulations of poorly soluble drugs show improved dissolution 

compared to their amorphous counterparts (87, 90, 91). For a drug to be effective, it 

needs first dissolve to facilitate absorption into the systemic circulation. A higher 

dissolution rate enhances the efficiency of Cur's biological action under physiological 

conditions  (92). 

 

 

 

 

 

 

 

 

Figure  9. The release profiles of Cur and Cur-NS at pH 7.4 under sink condition 

(n=3). (*Significant difference, p < 0.05) 

4.1.1.2.6. DPPH assay 

 The antioxidant properties of Cur-NSs were compared to those of a Cur 

suspension using the DPPH radical scavenging assay. This assay relies on the reduction 

of the stable, purple DPPH radical to a yellow non-radical form, with the color change 

indicating antioxidant activity. As illustrated in Figure 10, the Cur suspension exhibited 

limited DPPH scavenging activity across all tested concentrations, reaching a 
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maximum inhibition of only 25% at the highest concentration. This low activity is 

attributed to the poor solubility and dispersion of Cur in aqueous medium, hindering its 

interaction with DPPH radicals. In contrast, Cur-NSs demonstrated significantly higher 

DPPH scavenging activity at all concentrations, highlighting their enhanced antioxidant 

potential. The IC50 value, which indicates the concentration needed to scavenge 50% 

of the DPPH radicals, was determined to be 25.14 ± 3.46 µg/mL for Cur-NSs, based on 

a logarithmic fit of the dose-response curve. The improved solubility and bioavailability 

of Cur in nanosuspension form, which allows for better dispersion in the aqueous 

medium and more effective radical scavenging. This enhanced antioxidant activity can 

be beneficial in the wound healing process, primarily by reducing inflammation (17). 

The anti-inflammatory effect of Cur is attributed to its ability to modulate and scavenge 

free radicals produced by lipoxygenases. Additionally, the molecular structure of Cur, 

featuring phenolic groups in the ortho and/or para positions of the aromatic rings, 

provides high electron-shifting properties, enhancing its ROS scavenging capabilities. 

(49, 93, 94). Therefore, Cur-NSs, with their potent antioxidant effects, may serve as 

valuable assets in promoting wound healing. 

 

Figure  10. The antioxidant activity of Cur-NSs and Cur suspension was examined 

through DPPH radical inhibition (*Significant difference, p<0.05) 

4.1.1.2.7. Cytotoxicity 

 To optimize Cur-NS for wound healing, its potential toxicity towards NHF cells 

was evaluated. The results showed that both Cur-NS and Cur were non-toxic, 
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maintaining cell viability over 80% across all tested concentrations (as shown in Fig. 

11). Given that Cur is a naturally occurring compound widely used in cuisine and 

traditional medicine, its physical modification into NS did not compromise its safety 

profile, indicating its suitability for topical skin applications (95). 

 

Figure  11. The cytotoxic effect of Cur and Cur-NS toward NHF cells 

4.1.1.2.8. In vitro scratch assay 

 To evaluate the effectiveness of Cur-NS in the wound healing process, an in 

vitro scratch assay was conducted. This simple and cost-effective method was used to 

demonstrate and compare the rate of gap closure, simulating the wound healing process. 

(73, 96). Based on the data presented in Table 13 and Figure 12, it is clear that the 

percentage of wound closure increases over time for both Cur and Cur-NS treatments. 

The observed data indicates that wound closure is more significant in cells treated with 

Cur-NS compared to those treated with Cur and the untreated control cells at both 24 

and 48 hours. The calculated cell migration rates further support this observation. The 

highest migration rate was recorded for the Cur-NS treatment at 2.23 ± 0.24 µm/h (p < 

0.05), while Cur treatment resulted in a migration rate of 1.57 ± 0.10 µm/h, and the 

control group had the lowest rate at 1.13 ± 0.28 µm/h. This enhanced cell migration rate 

with Cur-NS can be attributed to the preparation method of the samples in DMEM, an 

aqueous medium. This medium may limit the solubility of Cur, but in the Cur-NS 

formulation, the active ingredient dissolves more effectively when the cells encounter 

the aqueous solution, thereby enhancing cell migration. Overall, the data suggests that 

Cur-NS is more effective in promoting wound closure and cell migration compared to 
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Cur alone, likely due to improved solubility and availability of the active ingredient in 

the Cur-NS formulation. The enhanced rates of cell movement indicate that the Cur-NS 

formulation is promising for further development as a wound-healing treatment. 

Previous research has shown that Cur can speed up the wound healing process when 

dissolved in suitable solvents, such as dimethyl sulfoxide or oleic acid.(17, 53). In this 

study, the solubility of Cur was enhanced by transforming it into an optimized NS 

formulation. This modification increased the efficacy of Cur in promoting wound 

closure by accelerating the rate of cell migration. 

Table  13. Wound closure rate illustrated by the image-based monitoring of NHF 

migration at 0, 24, and 48 h under an inverted microscope (4× magnification) 

 0 h 24 h 48 h 

 

Control 

   

Cur 

(1µg/mL) 

   

CurNS 

(1µg/mL) 
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Figure  12. The percentage of wound closure when treated with Cur or Cur-NS at 

different times (n=3) (*Significant difference compared to control, #compared to Cur, 

p < 0.05) 

4.1.2. Curcumin Liposomes 

4.1.2.1. Optimization of Cur-Ls formulation using Box-Behnken design 

PC and CHO were selected for the development of a liposomal formulation, 

forming a lipid bilayer via the film hydration method. The lipid composition plays a 

crucial role in determining various characteristics of liposomes, including particle size, 

rigidity, fluidity, stability, and electric charge (97). An optimized molar ratio of 5:1 for 

PC and CHO was identified based on vesicle size and uniformity. To enhance liposomes 

properties like flexibility, stability, and penetrability, and improve entrapment 

efficiency of the drug, ultra-deformed liposomes were developed. Specifically, non-

toxic and biocompatible edge activators like Tween® 20, along with oleic acid, were 

used as penetrating enhancers (98). The experimental design was used to determine the 

optimal variables necessary to achieve a specific response goal while minimizing the 

number of experiments required. The Cur in deformable liposomes were optimized by 

investigating the effects of the independent variables such as Tween® 20 (%) (X1), Oleic 

acid (%) (X2), and the concentration of Cur (X3) and their interaction using a Box-

Behnken Design (BBD) implemented with Design-Expert software. The software 

produced 17 experimental runs, including five center points after applying the data. 

Table 5 displays the responses on size (nm) (Y1), PDI (Y2), Zeta (mV) (Y3), and LC 

(µg/mg) (Y4) observed after the characterizations of each run. The particle size of Cur-

Ls from all formulations varied from 58 to 114 nm, which was an appropriate size range 
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to enhance dermal delivery by facilitating penetration while maintaining sufficient drug 

encapsulation and retention. As per the reported studies, the observed particle size of 

Cur-Ls is within the acceptable range for skin penetration (99, 100). The PDI values 

were from 0.01 to 0.39 as shown in Table 5, which indicates all the experimental runs 

had a dispersion of particle size within an acceptable range (100). The zeta potential of 

all the Cur-Ls ranged from 7.3 to -45 mV. The majority of liposomes exhibited a 

negative charge, attributed to the presence of amphiphilic molecules such as Tween® 

20 and oleic acid. Both of these molecules contain polar groups (ether oxygen in 

Tween® 20 and carboxyl groups in oleic acid) that become exposed on the outer surface 

of the liposome when integrated into its lipid bilayer. In an aqueous environment, these 

polar groups ionize, leading to the generation of negative charges (101, 102). The 

loading capacity of Cur in the liposomes was between 1.9 and 21.8 µg/mg. Tween® 20 

in liposomal formulations enhances drug loading by improving solubility, stabilizing 

liposomes, altering membrane properties, and facilitating drug-liposome interactions. 

The five central points were carried out to validate and refine the assessment of the 

influences of the parameters, aiming for a more accurate prediction of their impacts. 

Figure 13 shows the 3D diagrams for each of the four responses, which are used to 

analyze the interactions between two variables (Tween® 20 and oleic acid), with Cur 

concentration fixed at the center point and to examine the combined effects of these 

factors on the responses. The plot in Fig. 13 (A) illustrates that the amount of Tween® 

20 (X1) had a negative impact on particle size (Y1), with liposome diameter increasing 

as the amount of Tween® 20 decreased. The reduction in particle size with higher levels 

of Tween® 20 is likely due to steric repulsion between the particles (103). Additionally, 

the addition of the surfactant caused a destabilizing effect within the bilayer. The 

amphiphilic structure of Tween® 20 enhanced the interaction between the phospholipid 

bilayer and the aqueous environment, leading to the formation of smaller liposomes and 

preventing or minimizing aggregation (104). Conversely, increasing the amounts of 

oleic acid (X2) and Cur (X3) led to an increase in particle size due to the incorporation 

of Cur into the liposome bilayers. The following linear model equation (Eq. 18) was 

generated to define the correlation between the particle size and the different levels of 

independent variables:  
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Y1 (Size) = 83.86 –17.39X1 +16.05X2 +4.34X3            Eq. 18 

 

 

 

 

Figure  13. The 3D surface response plots illustrate the influence of independent factors 

chosen for the formulations on a) particle size, b) PDI, c) zeta potential, and d) LC of 

Cur 

 Figure 13 (B) illustrates that the PDI (Y2) for all liposomes ranged from 0.01 to 

0.39, reflecting the size homogeneity of the liposome formulations. Varying the 

amounts of Tween® 20 (X1) and oleic acid (X2) had no significant impact on the PDI 

value. The regression equation (Eq. 19) suggests that all components positively 

influenced the PDI value. However, according to the multiple regression equation 

model, the interaction between the two factors (X1X3) resulted in negative 

consequences. 
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Y2 (PDI) =0.2032 –0.0413X1 +0.0175X2 +0.0262X3 –0.0550X1X3 –0.0796X2
2 

+0.0579X3
2                                                                                                             Eq. 19                                                                                                                                                                                                                      

 The regression equation (Eq. 20) for Zeta Potential (Y3) showed that the amount 

of Cur and the interaction between two factors (X1X2 and X2X3) had a positive effect. 

The ionization of polar groups of edge activators in an aqueous environment results in 

an increased negative charge on the particle surface and lead to decreased zeta potential 

(105). The positive zeta potential was observed only in the liposome formulation 

without Tween® and oleic acid. As the phospholipid is cationic, it can contribute 

positive zeta potential of the liposome, especially in the absence of edge activators Fig. 

13 (C).  

Y3 (Zeta)  = –36.26 –4.23X1 –17.23X2 +1.55X3 +6.32X1X2 –2.32X1X3 +0.9175X2X3 

+7.54X1
2 –8.70X2

2 +2.20X3
2                                                                                 Eq. 20 

The increased Cur loading (Y4) was correlated with higher quantities of Tween® 

20 and Cur itself, while a reduced Cur content was associated with increased oleic acid, 

as shown in the 3D plot Fig. 13 (D). This is probably because of the repulsive force 

between the carboxylates of oleic acid and the partial negative charge of Cur, also 

explained in the following Eq. 21. 

Y4 (LC) =10.72 +4.05X1 +4.03X2 +4.12X3 +0.04X1X2 +3.45X1X3 +3.05X2X3 

+2.01X1
2 +1.49X2

2 –2.61X3
2 

                                                                                                                          Eq. 21 

Considering the outcomes of each experiment, the data were analyzed, and the 

ideal Cur-Ls formulation was chosen based on the criteria presented in Table 14, 

ensuring optimal performance. The smaller particle size of liposomes, which is 

typically associated with enhanced stability and improved cellular uptake and 

distribution, thus sets the goal for minimizing particle size. Additionally, the PDI values 

obtained from all experiments were found to be acceptable, constantly below 0.4, thus 

the experimentally observed range was used as the criteria for optimization. As a zeta 

potential within the range of ±35 mV is considered sufficient for particle stability, the 

range between -35 and -15 mV was determined as criteria for optimized formulation 

(106) . Lastly, the loading capacity of Cur was set to be maximized using the software. 

By using the numerical point prediction optimization method within Design Expert®11 
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software, the formulation comprising Tween® 20 (2.7%), Oleic acid (0.04%), and Cur 

(8.1%) was identified as the optimized formulation for Cur-Ls. This formulation 

achieved a desirability value of 1, indicating its alignment with the specified criteria 

and optimal performance.  

Table  14.The criteria for the optimization of Cur-Ls and the optimized formulation 

 

To confirm the optimal Cur-Ls formulation, the confirmation experiments (n=3) 

were conducted. Then, the predicted responses values acquired from the software were 

compared with the actual values obtained from the experiments. This comparison 

served to validate the accuracy and reliability of the optimized formulation in achieving 

the desired outcomes. According to the data presented in Table 15, it was observed that 

all the responses obtained from the confirmation experiments were closely aligned with 

the predicted values, with no significant difference (p>0.05). The optimized 

formulation yielded a desirable nanosized, homogeneity, and a negative charge 

liposome with a maximized loading efficiency of Cur, as evidenced by the comparable 

results between predicted and actual values. With these favorable results of 

confirmation, the optimized Cur-Ls were prepared for further experiments and analysis. 

 

 

 

 

Factors & 

responses 

Goal Lower 

limit 

Upper 

limit 

Solution Desirability 

X1: Tween® 20 

(%) 

 is in range 0 3 2.7 1.000 

X2: Oleic acid 

(%) 

 is in range 0 1.5 0.04  

X3: Curcumin (%)  is in range 1 10 8.116  

Size (nm)  minimize 58 114   

PDI none 0.01 0.39   

Zeta (mV) is in range -35 -15   

LC (µg/mg) maximize 1.9 21.8   
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Table  15. The comparison of the predicted values of the optimized Cur-Ls 

formulation vs the actual value 

Responses Predicted mean Actual mean P-value 

Size (nm) 55.80 ± 6.34 64.02±3.37 0.1187 

PDI 0.08 ± 0.03 0.11±0.026 0.2262 

Zeta (mV) -15.03 ± 1.55 –17.26±3.56 0.1979 

LC (µg/mg) 22.08 ± 2.22 19.92±0.54 0.1758 

 

4.1.2.2. Characterization and evaluation of the optimized Cur-Ls 

4.1.2.2.1. Transmission electron microscopy (TEM) 

 

Figure  14. TEM images of Cur-Ls in the magnification A) 100 nm and B) 50 nm 

 The TEM images of Cur-Ls in the magnification A) 100 nm and B) 50 nm 

depicted in Fig. 14 provide crucial insights into their structural characteristics. They 

highlighted not only the characteristic spherical shape of liposomes but also the 

importance of size distribution and uniformity, which is essential for evaluating their 

stability and suitability for drug delivery purposes (107). Moreover, these images may 

reveal information regarding the efficiency of Cur encapsulation and prove that stable 

liposomes were formed. 

4.1.2.2.2. DPPH assay 

The antioxidant capacity of Cur and Cur-Ls was assessed by their ability to 

inhibit DPPH radicals, as shown in Fig. 15. The analysis revealed that the percentage 

of DPPH inhibition increased with increasing concentration for both formulations. 

The antioxidant activity of the Cur suspension started at a concentration of 16 µg/mL, 

A) B) 

100 nm 50 nm 
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while the Cur-Ls formulation showed activity starting at 1 µg/mL and reached nearly 

90% inhibition at the highest concentration of 256 µg/mL. In contrast, the Cur 

suspension exhibited significantly lower inhibition, peaking below 30%. The IC50 

value of Cur-Ls was 16.42 ± 0.0724 µg/mL. These findings were attributed to the 

greater stability and solubility of Cur in the liposomal formulation in aqueous media 

(108, 109). Therefore, the enhanced solubility of Cur in Cur-Ls significantly affects its 

ability to act as an antioxidant. The antioxidant properties of Cur are crucial for wound 

healing, mainly through the reduction of inflammation. Cur's impact on oxidative 

stress markers is due to its unique properties that target the neutralization of reactive 

oxygen and nitrogen species, its ability to bind metals, and its influence on the activity 

of different enzymes (110, 111). Moreover, Cur contributes to various stages of the 

healing process, where its antioxidant effects can specifically enhance wound healing 

(112). While Cur’s poor water solubility limits its effectiveness (113), the enhanced 

solubility of Cur in liposomes improves its potential for aiding wound healing (114). 

 

Figure  15. The antioxidant activity of Cur-Ls and Cur suspension through DPPH 

radical inhibition (*Significant difference, p<0.05) 
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4.1.2.2.3. Cytotoxicity 

The cell cytotoxicity of Cur-Ls and Cur solution was determined in NHF cells 

using the MTT assay. NHF cells were treated with increasing concentrations of free Cur 

and Cur-Ls ranging from 0.78 to 6.25µg/mL for 24 h. Percentage cell viability for each 

treatment relative to the control (untreated cells) was shown in Fig. 16. The safety of 

Cur-Ls was observed at all tested concentrations, maintaining over 80% cell viability. 

These results indicated that the components included in the liposome formulation, such 

as Tween® 20, oleic acid, PC, and CHO, were nontoxic to the normal fibroblast cells, 

in agreement with the previous research (115). The beneficial effects of incorporating 

Cur into phospholipid-based nano-systems on cell viability and proliferation have been 

established. (66). 

 

Figure  16. Percent cell viability of free Cur and Cur-Ls toward NHF cells 

4.2. Hydrogel patches 

4.2.1. Genipin-crosslinked CS/PVP hydrogel patch 

4.2.1.1. Experimental design and optimization 

The genipin crosslinked CS-based hydrogels were obtained after a 24-h 

crosslinking process. Initially, the polymer mixtures exhibited a pale-yellow color, 

gradually transitioning from a light to a deep blue upon crosslinking. The color of the 

hydrogels was correlated with the CS content, displaying a darker blue hue with higher 

CS concentrations. During this process, genipin served as a crosslinking bridge between 

the glucosamine units of CS chains through two main reactions. The primary reaction 
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involved a nucleophilic attack by a CS amino group on genipin, opening the 

dihydropyran ring and forming a tertiary amine. The secondary reaction was a 

nucleophilic substitution of the ester group of genipin, resulting in the formation of an 

amide bond (116). The formation of blue pigments can be attributed to crosslinking 

reactions and possibly oxygen radical-induced polymerization (117, 118). A simplex 

centroid mixture design was chosen to determine the optimal mixture proportion of 

polymers for the hydrogel matrix that maximized the percentage of swelling (%SW), 

degree of crosslinking (DC), and mechanical strength (MS). This design approach is an 

effective method for evaluating the impact of composition changes on hydrogel 

properties (22). The design was implemented as an optimization technique by adjusting 

the quantities of three components while maintaining their total concentration constant. 

The design comprised 23-1 distinct design points, encompassing single-component 

blends (1, 0, 0), binary mixtures (1/2, 1/2, 0), and a ternary mixture (1/3, 1/3, 1/3) [30]. 

The responses for each design point are presented in Table 3. It was observed that %SW 

ranged from 242 to 587%. Hydrogels rich in PVP exhibited higher swelling due to their 

hydrophilicity and functionality, allowing for greater interaction with water molecules 

than PVA (119). When PVP and PVA were combined, the hydrogel showed lower 

swelling, possibly due to additional crosslinking interactions among the polymers. The 

formation of bonds between the amine group of CS and the hydroxyl groups of genipin, 

PVP, and PVA could reduce the presence of hydrophilic functional groups, thereby 

decreasing the swelling capacity of the hydrogels (120). However, the interaction of CS 

with PVA and PVP positively affected the degree of crosslinking of all hydrogels, which 

exceeded 78%. This also translated to the MS, which ranged from 224 to 245 g/cm2, 

demonstrating desirable mechanical properties.  

%SW = 341.54A+425.83B+378.01C+723.07AB+195.57AC-533.68BC-5773.52ABC  

                                                                                                                                Eq. 22                                                                                              

DC = 81.23A+87.91B+80.48C-22.35AB+5.30AC+4.35BC                                 Eq. 23 

MS = 231.70A+238.50B+230.50C-25.19AB+55.41AC-41.98BC-

429.60A2BC+338.86AB2C-704.26ABC2                                                                                              Eq. 24 
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The response data in Table 3 was transformed into polynomial equations with 

three independent variables. These equations (Eq. 22-24) can be utilized to assess the 

relative impact of variable factors by comparing the positive and negative coefficients 

within the mathematical models. The mixture contour plots of the responses are 

illustrated in Fig. 17 to present the effect of each factor on the responses. The highest 

and lowest values of the response are represented in red and blue areas, respectively. 

Figure 14(A) shows that the %SW was strongly affected by the PVP ratio regardless of 

CS content. As mentioned, an increased CS content results in stronger covalent bonds, 

leading to a tighter structure. Consequently, the polymeric chains within the hydrogel 

exhibit reduced mobility and limited swelling. The degree of swelling can also be tuned 

by the number of hydrophilic moieties in the hydrogel network (121). Thus, a higher 

proportion of PVP resulted in a higher swelling capability of the hydrogel. A positive 

relationship with the DC was found when the proportion of PVP was increased and the 

CS amount decreased, as shown in Fig. 14(B). Considering the MS of the hydrogel, the 

strength was significantly increased in the presence of PVA or PVP, as depicted in Fig. 

14(C). Therefore, the proportion of PVA or PVP largely influences the DC and MS of 

the hydrogels.  

A mathematical approach was employed to determine the optimal conditions to 

obtain a desirable hydrogel under the criteria set for each parameter, as shown in Table 

16. The hydrogel should possess high swelling capability, DC, and MS to absorb 

exudates while maintaining its solidity, robustness, and durability. Thus, the maximum 

response values were set as the desired criteria, and an overall desirability score was 

calculated by taking the geometric average of individual desirability. The optimal 

hydrogel formulation, composed of a binary mixture containing 70% CS and 30% PVP, 

was identified. Under these conditions, the model predicted the optimized hydrogel's 

%SW, DC, and MS, as shown in Table 17. Additionally, the confirmation of the 

optimized condition was analyzed, and the results were compared with the predicted 

values. It was found that the attributes of the optimized hydrogel were comparable to 

the predictions and that the attained condition possesses the desired properties. 
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Table  16. Selected criteria of the responses with the formulations of the desired 

hydrogels 

 

Table  17. Confirmation data of the optimized hydrogel compared to the predicted 

values 

 

 

 

 

 

 

 

 

 

Factors & 

responses 

Goal Lower limit Upper limit Solution Desirability 

A: 3%CS is in range 70 100 70 0.704 

B: 5%PVP is in range 0 30 30  

C: 5%PVA is in range 0 30 0  

Y1: %SW maximize 242.36 587.40   

Y2: DC maximize 78.74 88.26   

Y3: MS maximize 224 245.27   

Responses Predicted Confirmation P-value 

%SW 425.83±38.16 486.18±11.60 0.059 

DC (%) 87.91±2.05 85.89±0.58 0.176 

MS ( g/cm2) 238.50±0.49 238.27±2.14 0.863 
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Figure  17. Contour plots and 3D surface response curve of the effect of different 

combinations on A) % SW, B) DC, and C) MS of the hydrogels 
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4.2.2. HA/PVA hydrogel patch 

4.2.2.1. Experimental design and optimization 

The hydrogels were prepared using the polymer casting method, with the 

composition of each hydrogel adjusted based on experimental runs. By varying the 

input factors (HA (A1) and PVA (A2)), the corresponding responses were obtained 

(Table 2). The % swelling (R1) ranged from 121% to 213%, Young's modulus (R2) was 

between 97 and 146 Pa/%, and % erosion (R3) was between 16% and 37%. An 

appropriate model was selected to explain these responses and predictions regarding 

the input factors were made based on the assessment of various parameters from the 

regression analysis. ANOVA and multiple regression analyses were conducted to 

determine the model’s significance. The cubic model showed p-values <0.05 for all 

responses, highlighting its significance in describing the relationships between the input 

factors and output responses (Table 5). Additionally, the lack-of-fit test (p > 0.05) 

confirmed the adequacy of the multiple regression model. The R² values for R1, R2, and 

R3 were 0.8424, 0.9957, and 0.9788, respectively, indicating that the predicted models 

were highly appropriate, as these values are close to 1.000 (122). 

 The two polymers were selected based on their characteristics and 

physicochemical properties. HA, a naturally occurring polymer found in the 

extracellular matrix of connective tissues, possesses unique viscoelastic and 

mucoadhesive qualities, making it highly suitable for producing wound dressings that 

can adhere to injured tissues. Additionally, HA plays a crucial role in various phases of 

wound healing by promoting the migration, proliferation, and stimulation of fibroblast 

and keratinocyte tissues (123). Moreover, PVA offers several benefits, such as being 

non-toxic, highly biocompatible, biodegradable, and possessing exceptional 

hydrophilic properties. It is frequently used in transdermal applications (124). 

However, PVA is constrained by its inadequate swelling capacity, essential for effective 

wound healing (125). PVA is commonly blended with other polymers to enhance its 

swelling properties. In this study, the proposed hydrogel would be formed through 

bifunctional cross-linking, involving physical interactions such as hydrogen bonding 

and hydrophobic forces and a metal coordination complex. The physical interactions 

were induced using the freeze-thaw technique, where hydrogen bonds formed as the 
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hydroxyl groups in the polymer chain interacted with water molecules. The polymer 

solution underwent crystal growth upon freezing, acting as cross-linking points for the 

polymer chains. Upon thawing, the polymer chains became more flexible. Repeated 

freeze-thaw cycles resulted in the construction of numerous cross-linking points. (126). 

On the other hand, the metal coordination complex was formed between aluminum 

ions, the coordination center, and the surrounding hydroxyls, carbonyls, and amines. 

This coordinate covalent bond would enhance the mechanical properties of the 

hydrogel. Additionally, the bifunctional cross-linking process would assist in the 

delivery of Cur-Ls by enhancing the resilience of the hydrogel patch against water, 

moisture, and exudates. When wound dressings are applied, water absorption can 

weaken the hydrogel as the patch swells. The multi-mechanism cross-linking would 

mitigate the degradation of the hydrogel patch. This dual-cross-linking mechanism was 

anticipated to enhance the hydrogels' structural integrity, toughness, and longevity. 

Table  18. Results summary of the ANOVA and multiple regression analysis 

Responses Model p-value Lack of fit R2 
Predicted 

R2 

%Swelling Cubic 0.0241 0.8901 0.8424 0.7647 

Young’s 

modulus 
Cubic < 0.0001 0.8076 0.9957 0.9935 

%Erosion Cubic 0.0083 0.2588 0.9788 0.9515 

Multiple regression equation model (coded equation) 

%Swelling = 189.03A1 + 121.86A2 + 95.18A1A2 – 295.83A1A2 (A1–A2) 

Young’s modulus  = 144.29A1 + 99.16A2  – 90.84A1A2 – 106.25A1A2(A1–A2) 

%Erosion = 37.95A1 + 18.36A2 + 40.52A1A2  – 41.18A1A2(A1–A2) 

 

The RSM was used to investigate how parameters interact and relate to one 

another. Analysis of both the regression equation and the response surface plots 

showed that increasing the concentrations of HA and PVA positively influenced all 

measured responses, which included swelling percentage, Young’s modulus, and 

erosion percentage, as seen in Table 18. On the other hand, the combined effect of 
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these components (A1A2) had negative consequences on both swelling and mechanical 

robustness, implying that reducing the amounts of these polymers might lead to 

improvements in these areas. 

 The optimized model suggested an ideal hydrogel formulation of 5% HA and 

10% PVA with a desirability score of 0.412 (Table 19). The lower desirability was 

attributed to the % erosion response, which exhibited an opposite trend compared to 

the other responses. The combination of HA and PVA at the optimized ratio was 

predicted to result in maximum % swelling and Young’s modulus. However, according 

to the predicted model, % erosion would increase, which is undesirable. This could be 

due to the hydrogel being loosely cross-linked after the freeze-thaw cycles, as the 

hydrogen bonds formed were not as abundant compared to formulas with higher PVA 

content  (126). The optimized hydrogel patch was prepared to ensure optimization and 

actual responses were compared with predicted values (Table 19). It was observed that 

all responses were consistent with the computerized solution, confirming that the 

selected composition was optimized and reproducible with the desired characteristics. 

Table  19. The criteria for the optimization of HA/PVA hydrogel 

Variables Goal Solution Desirability Confirmation P-value 

HA in range 5 0.412   

PVA in range 10    

%Swelling maximize 177.94±12.58  176.23±12.02 0.8731 

Young’s 

modulus 

maximize  133.56±1.38  131.03±18.04 0.8297 

%Erosion minimize 38.28±1.36  38.31±1.84 0.9850 
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Figure  18. Response surface model graphs showing the area of maximization of the 

responses a) Swelling (%), b) Young’s modulus (Pa/%), and c) Erosion (%) 
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4.2.2.2. Synthesis and characterization of PNVP-ITA copolymer 

 The PNVP-ITA copolymer was synthesized using a polymerization reaction, 

outlined in Fig. 19. The reaction occurred by heating a free-radical initiator (V50), which 

produced radicals that started the polymer chain construction. These radicals caused an 

electron transfer between the vinyl groups of ITA and NVP, converting double bonds 

to single bonds and connecting the monomers together to form the long-chain PNVP-

ITA copolymer. 

 

Figure  19. Synthesis scheme of PNVP-ITA 

 

 The synthesized polymer was characterized using 1H-NMR and FTIR analyses 

to confirm the successful synthesis. In the 1H-NMR spectra, the disappearance of peaks 

at 4.65–4.70 and 6.82 ppm, corresponding to the vinyl groups of NVP, in the PNVP-

ITA spectrum indicated the acquisition of functional groups during the polymerization 

reaction. Subsequently, ITA displayed peaks around 3.4, 5.8, and 6.3 ppm, attributed to 

its methylene groups. The absence of a methylene peak in the PNVP-ITA spectrum after 

chain propagation confirmed polymerization, signifying the successful synthesis of the 

PNVP-ITA. In the FTIR spectra, the C–H asymmetric stretching of the polymer chain 

was observed at 2,925 cm−1. Strong peaks at 1,555 and 1,397 cm−1 corresponded to 

ITA's symmetric stretching of carboxylate groups. A broad band at 3,357 cm−1 indicated 

O–H stretching from carboxylic acid and hydrogen bonding. Additionally, cyclic amide 

(O=CN) and CN– of NVP were observed at 1,635 and 1,198 cm−1, respectively. All of 

these signals found in Fig. 20 and 21 confirm the structure of the PNVP-ITA as 

expected.  
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Figure  20. 1H-NMR spectra of NVP, ITA, PNVP-ITA 
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Figure  21. ATR-FTIR spectrum of PNVP-ITA 

4.2.2.3. Synthesis and characterization of HA/PVA/PNVP-ITA hydrogel patch  

 The optimal hydrogel formula generated by the DoE was improved by 

incorporating 2% by weight of the newly synthesized PNVP-ITA to enhance the patch's 

properties. This led to significant increases in both % swelling and Young’s modulus 

by 40.4% and 35.0%, respectively, as depicted in Fig. 22, along with a reduction in % 

erosion by 6.3%.   

 

 

Figure  22. Comparative analysis of a) swelling capacity, b) Young’s modulus, and c) 

erosion between HA-PVA and HA/PVA/PNVP-ITA hydrogels (*Significant 

difference, p<0.05) 
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These results provided evidence of the dual crosslinking mechanism within the 

initial polymers. PNVP-ITA was specifically designed to be rich in carbonyl and 

carboxyl groups, making it highly suitable for coordination crosslinking. Adding 

PNVP-ITA facilitated stronger metal coordination bonding with aluminum ions (Al3+), 

acting as the cross-linking agent. Furthermore, the polymer enhanced the cross-linking 

interaction with the larger HA and PVA chains during the freeze-thaw processes. 

Consequently, through crosslinking enhancement, erosion was reduced, and Young’s 

modulus increased. The hydrogel, strengthened by bifunctional crosslinking, might 

experience augmented swelling due to the creation of additional spaces capable of 

capturing water molecules. The establishment of metal coordinate covalent bonds has 

been demonstrated to enhance hydrogels' physical and mechanical properties. This 

intricate cross-linking approach could facilitate the effective delivery of active 

substances while maintaining the structural integrity of the hydrogel and resisting 

erosion caused by the absorption of wound exudate. Without sufficient cross-linking, 

the patch might lose its durability and effectiveness in retaining its form and function 

as the hydrogel expands. (127, 128). Furthermore, the swelling capacities in both water 

and PBS at pH 7.4 were similar, highlighting the advantages when applied to wounds. 

Including the synthesized polymer enhanced the mechanical properties and degradation 

of the hydrogel patch, as evidenced by the low % erosion. The incorporation of PNVP-

ITA further enhanced the hydrogel's properties and confirmed the dual-cross-linking 

mechanism of the HA/PVA/PNVP-ITA hydrogel. 

4.3. Characterization and evaluation of nanocomposite hydrogel patches 

4.3.1. Cur-NS loaded CS/PVP hydrogel patches 

4.3.1.1. Physiochemical properties of hydrogel patches 

 Table 20 presents the %SW,  %erosion, compressive toughness, and WVTR of 

blank CS/PVP hydrogels and Cur-NS embedded hydrogels. Both hydrogels exhibited 

excellent swelling over three times their weight when immersed in a PBS solution (pH 

7.4, 37°C), mimicking physiological wound exudate. Notably, the blank hydrogels 

displayed a higher %SW than the Cur-NS-loaded hydrogel (p < 0.05). This difference 

is presumably due to the interaction of Cur-NS with the hydrophilic functional groups 

of the hydrogel polymer chains. By occupying space within the hydrogel matrix, Cur-
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NS obstructs the uptake and migration of water molecules into the polymer network, 

thereby reducing water absorption and swelling capacity.  Swelling ability is one of the 

important parameters of hydrogel dressings as it helps absorb excess wound exudate 

through swelling, maintains a moist environment, and allows the release of incorporated 

drugs into the wound bed, making an exceptional %SW preferred (9). The increased 

percent erosion of Cur-NS loaded hydrogel could be due to some factors. As the 

hydrogel absorbs water and swells, the polymer chains expand, creating spaces within 

the network, potentially weakened structure. The water molecules then disrupt the 

interactions holding the polymer chains together, leading to the breakdown and erosion 

of the hydrogel. This erosion process, in turn, can facilitate the release of Cur-NS from 

the polymeric matrix.  Furthermore, the durability of the hydrogel patch was evaluated 

through a compression test. The compressive toughness of both hydrogels was found 

to be 230 g/cm2. Though a precise benchmark of the strength was not mentioned in the 

literature, we suggest that the value obtained is sufficient to provide a bearable patch 

characteristic that is neither too fragile nor rugged. The WVTR is a fundamental 

property of wound dressing that determines the ability to regulate moisture, facilitate 

gas exchange, and control water loss during wound healing (129). The observed WVTR 

for blank and Cur-NS loaded hydrogels was found practical, as they would regulate 

moisture levels without causing excessive drying or an unwanted accumulation of 

moisture. The results prove that adding Cur-NS to the hydrogel did not significantly 

impact the compressive toughness and WVTR of the blank hydrogel. 

Table  20. The physicochemical properties of hydrogels 

 

Hydrogel 

patches 

Swelling (%) Erosion 

(%) 

Compressive 

toughness (g/cm2) 

WVTR 

(g/m2/24h) 

Blank 

hydrogel 

462.46 ± 15.61 13.57 ± 2.19 238.26 ± 2.13 819.92 ± 150.72 

Cur-NS 

hydrogel 

303.38 ± 12.91 27.17 ± 1.33 231.45 ± 7.00 808.27 ± 94.73 



 
 98 

4.3.1.2. SEM 

SEM analysis was performed to visualize the morphology and network structure 

of genipin-crosslinked CS/PVP hydrogels before and after Cur-NSs were embedded. 

Hydrogel samples were swollen for 24 h and lyophilized to preserve the porous 

structure. The cross-sectional images of the hydrogels were captured at 100× and 

10,000× magnifications, as shown in Fig. 23. It can be observed that both hydrogels 

were interconnected, displaying a uniformly distributed microporous structure arranged 

as long hollow tubes, as presented in Fig. 23(A) and Fig. 23(C). This structure is 

conducive to efficiently removing wound exudate, delivering the  loaded drug in a 

controlled manner, and facilitating gas exchange to the wound, thereby promoting cell 

growth (130). The incorporation of Cur-NS within the hydrogel structure yielded a 

more compact structure with decreased pore size of the hydrogel network, as shown in 

Fig. 23(B) and Fig. 23(D) (131). This pore size reduction corresponded with the lower 

%SW in Cur-NS loaded hydrogel compared to the blank hydrogel aforementioned. 

 

Figure  23. SEM images of A) blank hydrogel (100×), B) Cur-NS loaded hydrogel 

(100×), C) blank hydrogel (10k×), and D) Cur-NS loaded hydrogel (10k×) taken at 

the swollen state 

4.3.1.3. FTIR 

Fig. 24 illustrates the FTIR spectra of CS/PVP hydrogel, Cur-NS, and Cur-NS 

loaded CS/PVP hydrogel, highlighting the interactions between the Cur-NS and the 
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CS/PVP hydrogel. In the combined spectra of the Cur-NS loaded CS/PVP hydrogel, the 

typical peaks of Cur-NS were observed. The C-H stretching vibrations around 2870 

cm⁻¹ indicate the presence of aliphatic methylene groups. The C-O stretching vibration 

at 1341 cm⁻¹ is characteristic of the phenolic structures in Cur, while the C-O-C 

stretching vibrations at 1102 cm⁻¹ are attributed to ether linkages found in both 

Pluronic® F-127 and Tween® 20, as well as in the Cur molecule (132). The characteristic 

peaks of the hydrogel matrix were observed at 3445 cm⁻¹ for O-H stretching and 1650 

cm⁻¹ for C=O stretching, suggesting the formation of hydrogen bonds within the 

hydrogel matrix. There were no shifts found in the key amide regions, and the O-H 

stretching peak was a slight shift in the combined spectra, indicating the interaction 

between Cur and the hydrogel matrix and confirming the integration of Cur into the 

hydrogel.  

 

Figure  24. The ATR-FTIR spectra of CurNS, CS/PVP hydrogel, and Cur-NS loaded 

CS/PVP hydrogel 

4.3.1.4. Drug loading 

 Due to the polymeric hydrogels' numerous porous structures and functional 

groups, nanomaterials containing hydrogel-based dressings have been extensively 

reported as the most effective drug delivery cargos for efficient wound healing (133). 

In this study, different concentrations of Cur-NS were incorporated into the optimized 
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hydrogel formulation by blending with the polymer mixtures. Notably, the optimization 

of Cur-NS was conducted using the Box-Behnken design in our previous research 

(132). The LC and %EE of Cur-NS in the fabricated hydrogels are summarized in Table 

21. The highest LC and %EE were achieved when 5% of Cur-NS (Cur-NS 5) of the 

total polymer weight was added to the hydrogel. An increase in %LE and LC were 

observed with an increase in the Cur content; thus, further addition of Cur-NS into the 

hydrogel was not conducted as %EE of 100 was achieved at Cur-NS 5, and this formula 

was selected for other experiments. 

Table  21. Loading capacity and entrapment efficiency of Cur-NS in the optimized 

hydrogels (* Significant difference from Cur-NS 1, # Significant difference from Cur-

NS 1 and Cur-NS 3) 

 

 

 

 

4.3.1.5. In vitro release studies 

 The in vitro release behavior of the Cur-NS-embedded hydrogel was conducted 

in a mixture of PBS and 0.5% Tween® 80 with a pH of 7.4, simulating the natural wound 

environment  (134). Fig. 25 illustrates the percentage of cumulative Cur release from 

the hydrogel compared to the release from Cur-NS and Cur solution. The release of Cur 

solution was limited to 25% after 24 h, attributed to the poor aqueous solubility of the 

compound. Cur-NS exhibited a biphasic release pattern with an initial burst release of 

50% after 2 h, followed by a continuous release, reaching nearly 100% at 24 h. The NSs 

significantly enhanced the aqueous solubility of Cur, leading to an improved release 

profile. However, the release rate of Cur-NS after incorporation into the hydrogel was 

dramatically decreased compared to Cur-NS alone. Only 15% of Cur was released from 

the hydrogel after 2 h. Subsequently, Cur-NS released at a slower rate, reaching 42% at 

12 h and eventually 60% at 24 h. This may be advantageous to the healing process once 

applied to the wound, prolonging the effect of Cur-NS through the extended-release 

profile proposed by the findings. Though the release of Cur-NS from the hydrogel was 

Loaded Cur-NS (%) LC (mg/g) %EE 

Cur-NS 1 (1%) 0.12±0.01 33.44±3.37 

Cur-NS 3 (3%) 0.91±0.01 84.36±1.15* 

Cur-NS 5 (5%) 1.75±0.11 97.54±4.54*, # 
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retarded, the improved dissolution of the active compound was still evident compared 

to Cur.  

 

Figure  25. The cumulative release profile of Cur, Cur-NS, and Cur-NS-loaded 

hydrogel (*Significant difference, p<0.05) 

 Furthermore, we investigated the release kinetics of Cur from the hydrogel by 

fitting mathematical models to the release data. The obtained correlation coefficients 

(R2), release rate constants (K0, K1, and KH), and release exponent (n) values are 

presented in Table 22. The results indicated that the release of Cur does not conform to 

zero-order or first-order kinetics models, as evidenced by low R2 values. Instead, Cur-

NS release from the hydrogel was more likely to fit the Higuchi and Korsmeyer-Peppas 

models, with higher R2 values. Notably, the Korsmeyer-Peppas model provided the best 

fit for Cur release from the hydrogel at pH 7.4. The value of n in the Korsmeyer-Peppas 

model is crucial as it provides insights into the release mechanism of the drug. When n 

 0.5, the drug release is controlled by Fickian diffusion through the polymer matrix, 

while when 0.5 < n < 1, it follows anomalous (non-Fickian) transport, indicating a 

combination of diffusion and polymer relaxation (135). According to the model, the 

value of n = 0.501 was remarkably close to the boundary between Fickian diffusion and 

anomalous transport mechanism, indicating a predominately diffusion-driven process 

with a minor contribution from relaxation or erosion. The moderate percent erosion of 

Cur-NS loaded hydrogel observed in section 4.3.1.1 suggests controlled matrix 
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degradation, facilitating a steady release of Cur. The n value close to 0.5 signifies that 

while diffusion is the primary mechanism, there is a slight anomalous transport 

influence, likely due to the combined effects of diffusion and swelling or relaxation of 

polymeric chains (136).  The selection of the most appropriate release kinetic model 

can be influenced by the particular type of polymer used in the hydrogel. For instance, 

a study reported a plant protein hydrogel that exhibited Korsmeyer-Peppas release  

behavior indicative of a diffusion and swelling-controlled mechanism (137). This aligns 

with the  diffusion-erosion model observed in our study with the CS/PVP hydrogel, 

suggesting a similar  interplay between drug diffusion and hydrogel matrix relaxation 

during the release process. This highlights the interplay between Cur diffusion and 

hydrogel properties in  controlling the release profile. 

Table  22. Regression coefficients and constants of the model fitted to Cur-NS release 

from the CS/PVP hydrogel 

 

4.3.1.6. Biocompatibility 

 As the hydrogels were intended to be applied on open wounds, it is important 

to assess their possible toxicity, especially on human skin cells. The cytotoxicity of 

genipin crosslinked CS/PVP hydrogels was studied on NHF cells. The cell viability for 

all tested hydrogels was found to be above 100% (Fig. 26), which could be considered 

non-toxic to the epithelial cells. Moreover, the higher viability of cells observed may 

be due to the genipin-crosslinked CS/PVP hydrogel's potential to induce cell 

proliferation, as reported in the literature that genipin-crosslinked CS-based hydrogels 

promote cellular growth in wound healing (138). Additionally, the toxicity of Cur-NS 

was previously investigated and found to have no significant toxic effect on skin cells 

(132). 

Sample 

Zero Order First Order Higuchi Korsmeyer-

Peppas 

R2 K0  R2 K1  R2 KH  R2 n 

Cur-NS- 

loaded 

hydrogel 

0.5851 9.108 0.6532 0.1000 0.9937 11.920 0.9959 0.501 
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Figure  26. Cell viability of hydrogels after 24 h treatment (*Significant difference, 

p<0.05) 

4.3.1.7. Anti-bacterial studies 

 As the antimicrobial efficacy was assessed using the disc diffusion method, it 

was observed that the CS/PVP hydrogel had no zones of inhibition against S. aureus, 

suggesting an absence of intrinsic antibacterial characteristics. Similarly, discs 

impregnated with 100 µg/mL of Cur-NSs, and Cur-NS-loaded hydrogels did not show 

any inhibition zones, indicating that under the conditions tested, there was no 

discernible antibacterial activity against S. aureus. These results may be attributable to 

various factors. Firstly, the concentration of Cur-NS might have been below the 

minimum inhibitory concentration necessary to exert an antibacterial effect on S. 

aureus. It is known that Cur exhibits antimicrobial properties at certain concentrations 

and under specific conditions (139-142). Secondly, the lack of antibacterial activity 

could also be attributed to around 50% of Cur release from the hydrogel matrix at 24 h, 

which may impede the concentration of Cur to exert an antimicrobial effect (143). It is 

essential to conduct further research to understand the interaction between the hydrogel 

matrix, nanocurcumin, and bacterial cells.  

4.3.1.8. In vivo wound healing studies 

 To investigate the wound healing effect of Cur-NS-loaded hydrogel, the patch 

was applied to the incised animal dorsal skin, and wound closure was measured through 

the diameter of the wound. Fig. 27(A) displays the gradual reduction in wound size of 
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treated animals for the control (gauze), commercial hydrogel product, and Cur-NS-

loaded hydrogel. No signs of infection, inflammation, or hemorrhage were observed in 

any animals during the study. It was noted that there was an acceleration in the re-

epithelialization process in all treated wound lesions, resulting in a reduced area of the 

wounds. However, the wound treated with Cur-NS-loaded hydrogel showed almost 

complete healing, with the granulation tissue nearly healed, representing a significant 

improvement compared to the control group. Furthermore, the percentage of wound 

recovery was calculated and graphically presented in Fig. 27(B). All groups exhibited 

approximately 50% recovery on day 5; thus, the recovery rate was significantly faster 

for both the commercial hydrogel and Cur-NS-loaded hydrogel groups. These 

hydrogels presented over 80% recovery on day 7. The Cur-NS-loaded hydrogel showed 

a promising wound closure response similar to the commercial hydrogel. It is suggested 

that the slow and sustained release of nanocurcumin from the hydrogel aided the wound 

healing, thereby reducing the inflammatory response and stimulating fibroblast 

proliferation, collagen deposition, and epidermal tissue regeneration (20, 144). 

Moreover, many studies have reported using CS-based hydrogel matrices for promoting 

wound healing owing to their inherent biological activity (138, 145, 146).  Another 

contributing factor to the improved healing rate possibly resulted from the wet 

environment provided by the hydrogel preparations. The hydration of wounds, along 

with optimal gas transfer, is conducive to accelerating the wound healing process, 

which these parameters were provided to the incision by the developed formulation. 

These results indicate the effect of nanocurcumin and CS-based hydrogel in wound 

repair with a reduced risk of infection and inflammation. 
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Figure  27. A) The incised wound on rat dorsal skin and recovery and B) %recovery 

of the wound on Days 0, 3, 5, and 7 after treated with each sample (*Significant 

difference, p<0.05) 
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4.3.2. Cur-L loaded HA/PVA/PNVP-ITA hydrogel patches 

4.3.2.1. SEM 

 

 

 

 

 

 

 

Figure  28. SEM image of Cur-L@HA/PVA/PNVP-ITA hydrogel at the magnification 

of 1000x 

4.3.2.2. FTIR 

 Figure 29 illustrates the FTIR spectra of HA/PVA/PNVP-ITA hydrogel, Cur-L, 

and Cur-L loaded HA/PVA/PNVP-ITA hydrogel, highlighting the interactions between 

the Cur-L and the HA/PVA/PNVP-ITA hydrogel. The combined Cur-L and the 

HA/PVA/PNVP-ITA hydrogel FTIR spectra indicate significant interactions between 

the components. The O-H stretching peak shift to 3307 cm⁻¹ suggests hydrogen bonding 

between the liposome and hydrogel. The C-H stretching peak at 2923 cm⁻¹ suggests the 

aliphatic chain interactions are retained, indicating the presence of both lipid and 

hydrogel components. The C=O stretching peak at 1716 cm⁻¹, consistent with the 

hydrogel, implies stabilization through hydrogen bonding or coordination. The slight 

shifts in C-H and C-O stretching peaks and the new C-H bending peak at 1375 cm⁻¹ 

point to van der Waals interactions and structural integration. These observations 

confirm the successful incorporation and stabilization of Cur-L within the hydrogel 

matrix. 
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Figure  29. The ATR-FTIR spectra of Cur-Ls, HA/PVA/PNVP-ITA hydrogel, and 

Cur-L loaded HA/PVA/PNVP-ITA hydrogel 

4.3.2.3. Drug loading and in vitro drug release profile 

 The release behaviors of Cur from the Cur-Ls and Cur suspensions were 

compared using the dialysis method. Fig. 30 presents a distinct release pattern. Cur-Ls 

exhibited a more rapid release profile than Cur suspensions, which showed a gradual 

release into the medium due to its poor solubility. The %cumulative Cur release from 

Cur-Ls exceeded that of Cur suspensions, possibly due to the improved solubility of 

Cur. Liposomes exhibit superior features over traditional drug delivery systems, 

including regulated or prolonged release, protection against drug degradation, increased 

therapeutic effect, and reduced risk of severe side effects (147).  Moreover, Cur-L 

embedded in the hydrogel exhibited a biphasic release pattern, with a rapid release 

observed within an initial 2 h, followed by a steady, slower release. The fast release is 

probably caused by hydrogel swelling, which leads to a swift release of the surface-

bound Cur. The subsequent slower release phase is due to the Cur-L diffusion through 

the swollen crosslinked hydrogel matrix. 
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Figure  30. The cumulative release profile of Cur suspensions, Cur-Ls, and Cur-

L@HA/PVA/PNVP-ITA (*Significant difference, p<0.05) 

 The release patterns of Cur were fitted to different mathematical models to 

understand their release kinetics. Table 23 presents the correlation coefficient and 

equations used to calculate and predict the release according to each model. The results 

indicate that the Korsmeyer-Peppas model offered the best fit for the release of Cur-L 

from the HA/PVA/PNVP-ITA hydrogel, as evidenced by the highest correlation 

coefficient (148, 149). Especially, the Cur-L release from the hydrogel showed the 

highest model selection criterion (MSC), indicating a strong fit with the Korsmeyer-

Peppas model. An n value of 0.232 indicates a Fickian diffusion-controlled release of 

Cur from the hydrogel, which is beneficial for achieving a controlled and sustained drug 

release in wound healing applications  (150). The R2 and MSC are indicators of 

goodness-of-fit when comparing multiple models (151). Thus, Cur delivery through 

Cur-L-embedded hydrogels was effectively described by the Korsmeyer-Peppas model, 

following a diffusion-controlled release mechanism. 
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Table  23. Release kinetic models of the Cur suspensions, the Cur-Ls, and CurL-

loaded hydrogels 

Kinetic model Parameter 

Cur-L 

@HA/PVA/PNVP-ITA 

hydrogels 

Zero-order 

R2 0.8682 

MSC 1.2668 

Equation F=0.099t 

First-order 

R2 0.9139 

MSC 0.9367 

Equation F=100(1–e–0.002t) 

Higuchi 

R2 0.9186 

MSC 0.1710 

Equation F=2.472√t 

Korsmeyer-

Peppas 

R2 0.9850 

MSC 2.3622 

Equation 12.191tn-1 

n 0.232 

 

4.3.2.4. Anti-bacterial studies 

 The disc diffusion method was employed to assess the antimicrobial efficacy of 

the formulations. The results indicated that the HA/PVA/PNVP-ITA hydrogel exhibited 

no inhibition zones against S. aureus, suggesting an absence of intrinsic antibacterial 

properties. Similarly, 50 µg/mL of Cur-L and Cur-L loaded hydrogels also showed no 

inhibition zones against S. aureus. As for the above formulations, it could be explained 

by the concentration of Cur and the release rate of Cur from the liposome under tested 

conditions.  Future studies could focus on increasing the concentration of Cur and 

modifying the hydrogel matrix and the tested method used.  
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4.3.2.5. In vivo wound healing study 

 The evaluation of wound healing progress, facilitated by the Cur-

L@HA/PVA/PNVP-ITA hydrogel patch compared to the controls in an incisional 

wound model, is presented in Fig. 31 A). On visual evaluation of the macroscopic 

images taken over time, it was observed that all groups demonstrated progressive 

wound healing without any signs of redness, inflammation, or infection.  The wound 

area was monitored over time, and the degree of wound closure was determined by 

comparing the wound size to its initial dimensions, expressed as a percentage of skin 

recovery. Fig. 31 B) plots the percentage of relative wound recovery over 10 days. The 

Cur-L@HA/PVA/PNVP-ITA hydrogel showed significantly greater skin healing than 

control samples at all time points. The wound with sterile gauze (negative control) had 

the slowest recovery rate. Cur-L@HA/PVA/PNVP-ITA healed wounds faster than a 

commercial hydrogel patch (positive control), with significantly higher recovery on day 

5. By day 10, Cur-L@HA/PVA/PNVP-ITA achieved almost complete wound closure 

(95.23±2.10%), unlike the commercial patch, which showed no improvement since day 

7. It was suggested that Cur could shorten the inflammatory phase by inducing 

inflammatory cell apoptosis, thereby accelerating TGF-β1 formation, stimulating 

fibroblast growth, improving integrin receptor expression, and facilitating cell 

migration (55, 152). Moreover, its antioxidant properties are essential for wound care 

(153). The enhanced antioxidant activity of Cur-Ls may contribute to better wound 

healing, resulting in quicker skin recovery. The deformable nature of the liposomes 

enables efficient penetration and retention of Cur within the skin layers (154), bolstered 

by the characteristic sustained release profile that ensures a constant supply of the 

therapeutic agent to the wound site. Concurrently, the hydrogel not only serves as a 

supportive matrix facilitating cellular activities imperative to healing such as migration 

and proliferation but also maintains an optimal moist wound environment (155-157). 

Additionally, the hydrogels absorbed wound exudates, creating a more favorable 

healing environment, and protecting the wound from external damage (158).  Therefore, 

the bifunctional cross-linking mechanism ensured that the hydrogel patch remained 

rigid throughout the study despite fluid absorption. These findings highlight the 

potential of Cur-L@HA/PVA/PNVP-ITA as a wound dressing, whereas the impact of 

the blank hydrogel or Cur-L alone was not assessed. 
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Figure  31. A) The representative images of wound closure in an incisional wound 

model and B) The percentage of skin recovery observed on days 0, 5, 7, and 10 post-

application of each treatments (* Significant difference compared to positive control, 

p<0.05). 



 

CHAPTER 5 

 CONCLUSIONS  

5.1. Development of Cur-NS loaded genipin-crosslinked CS/PVP hydrogel for 

wound healing 

 This study showed the effectiveness of a Cur-NS loaded genipin-crosslinked 

CS/PVP hydrogel in enhancing wound healing. The DoE methods enabled the 

formulations of Cur-NSs and hydrogels to exhibit the desired characteristics. An 

optimized Cur-NS formulation with uniform nanosized particles and a slightly negative 

surface charge remained stable for up to 15 days at both 5˚C and 25˚C. As indicated by 

thermal and crystallinity analysis, improved Cur-NS solubility resulted from 

amorphization. Its antioxidant capacity was superior in aqueous medium compared to 

Cur suspension, and it proved non-toxic to NHF cells, enhancing cell migration. 

Furthermore, an optimized genipin-crosslinked CS/PVP hydrogel was developed, 

exhibiting high porosity, excellent swelling performance, efficient toughness, and 

desirable WVTR. The incorporation of Cur-NSs into the hydrogel did not negatively 

impact its performance. Cur-NSs were released more quickly than Cur solution, 

reaching nearly full release in 24 hours because it dissolves better in water. Still, this 

release was regulated by the diffusion-erosion process of the hydrogel, which is in line 

with the Korsmeyer-Peppas model. In vivo experiments demonstrated faster wound 

repair than commercial hydrogels by day 5 post-wounding. Hence, the developed Cur-

NS loaded genipin-crosslinked CS/PVP hydrogel proved to be a promising platform for 

efficient wound healing. 

5.2. Development of Cur-L@ HA/PVA/PNVP-ITA hydrogels for wound healing 

 This research revealed the efficacy of a Cur-L@HA/PVA/PNVP-ITA hydrogel 

in promoting wound healing. Using DoE techniques, the liposomes and hydrogel 

formulations were effectively tailored to possess specific characteristics ideal for 

wound healing applications. Optimized liposomes achieved small particle size, suitable 

zeta potential, and maximized Cur content, showing better antioxidant activity in 

aqueous medium and comparable safety to Cur suspensions. The HA/PVA/PNVP-ITA 

hydrogels were formulated with promising physical and mechanical properties. 

Incorporating Cur into the liposomes improved its release, likely due to increased 
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solubility. The release of Cur from the nanocomposite hydrogel followed Korsmeyer-

Peppas model, suggesting a Fickian diffusion through the swollen matrix. Moreover, in 

vivo experiments demonstrated that the Cur-L@HA/PVA/PNVP-ITA hydrogel 

accelerated skin healing compared to the controls. The developed Cur-

L@HA/PVA/PNVP-ITA hydrogel effectively delivers Cur for wound healing, featuring 

improved solubility and durable, swellable characteristics. Thus, the Cur-

L@HA/PVA/PNVP-ITA hydrogel could be a promising candidate for addressing 

healing challenges in wound care. 
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