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Design and Evaluation of Sacran/Cyclodextrin Hydrogel Films  

for Wound Dressing Materials 
Graduate School of Pharmaceutical Sciences, Department of Physical Pharmaceutics 

Nasrul Wathoni 

 

A wound dressing is one of the essential approaches to prevent further harm to 

cutaneous wounds as well as to promote wound healing. Therefore, to achieve an ideal 

wound healing, the development of advanced dressing materials is necessary. Sacran, a novel 

megamolecular polysaccharide derived from the cyanobacterium Apanothece sacrum, has 

very high molecular weight that exceeds 107 g/mol and water-superabsorbent capacity (Fig. 

1).  Recently, we demonstrated that sacran provides anti-inflammatory activity by 

ameliorating the skin barrier function in patients with atopic dermatitis. In this study, to 

develop and characterize sacran hydrogel films (Sac-HGFs) for wound dressing materials, we 

prepared a physically crosslinked-Sac-HGFs, and evaluated their physicochemical properties, 

cytotoxicity, skin hydration and wound healing ability. Additionally, to ameliorate the 

physicochemical properties of the Sac-HGFs, we next prepared physically crosslinked Sac-

HGFs containing cyclodextrins (CyDs), and examined the potentials as wound healing 

materials.  Finally, we encapsulated curcumin, as a model drug for wound healing, into Sac-

HGFs by complexation with 2-hydroxypropyl-γ-cyclodextrin (HP-γ-CyD), and investigated 

their potential for wound dressing application.  

The physicochemical characterization of a physically crosslinked-Sac-HGF showed 

that the swollen ratio of the Sac-HGF in water at 24 h was 19-fold, compared to initial 

weight. Meanwhile, the sodium alginate HGF was completely broken apart after rehydration. 

Moreover, the Sac-HGF did not show any cytotoxicity in NIH3T3 cells, a murine fibroblast 

cell line. The in vivo skin hydration study revealed that the Sac-HGF significantly increased 

the moisture content on hairless mice skin. In addition, the Sac-HGF, which was applied on 

wound site, considerably improved wound healing ability, compared to control (non-treated), 

probably due to not only the moisturizing effect but also the anti-inflammatory effect of 

sacran.   

The sacran/α-CyD hydrogel film (Sac/α-CyD-HGF) and sacran/γ-CyD HGF (Sac/γ-

CyD-HGF), but not sacran/β-CyD HGF (Sac/β-CyD-HGF), were well prepared without 

surface roughness. Powder X-ray diffraction (XRD) pattern of the Sac/γ-CyD-HGF showed a 

totally amorphous state, compared to that of the Sac/α-CyD-HGF. Furthermore, the addition 
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of γ-CyD to Sac-HGF significantly increased the swelling ratio, porosity, and moisture 

content, compared to those of the Sac-HGFs without CyDs.  The Sac/γ-CyD-HGFs were not 

cytotoxic in NIH3T3 cells. Notably, the Sac/γ-CyD-HGFs significantly improved wound 

healing in mice, compared to that achieved with the Sac-HGF without γ-CyD.   

We successfully prepared curcumin/HP-γ-CyD (Cur/HP-γ-CyD) complex in Sac-HGF 

without surface roughness. In addition, the results from powder XRD patterns and differential 

scanning calorimetry thermographs showed the amorphous form in the Cur/HP-γ-CyD 

complex in Sac-HGF. In contrast, the curcumin in Sac-HGF and curcumin/HP-γ-CyD 

physical mixture (Cur/HP-γ-CyD PMX) in Sac-HGF formed inhomogeneous HGFs due to 

the crystallization of curcumin. Furthermore, HP-γ-CyD had an important role to increase the 

elastic modulus of the Sac-HGF with high re-swelling ability. The Cur/HP-γ-CyD complex in 

Sac-HGF maintained antioxidant properties of curcumin.  From in vitro drug release studies, 

the curcumin was gradually released from the HP-γ-CyD complex in Sac-HGF. Notably, the 

Cur/HP-γ-CyD complex in Sac-HGF provided the highest wound healing ability in hairless 

mice. 

Based on the results mentioned above, it can be concluded that Sac-HGF has the 

potential properties for wound dressing application, due to not only the moisturizing effect 

but also the anti-inflammatory effect of sacran. Additionally, the characterization studies of 

Sac/CyD-HGFs suggested that the formation of homogenous and amorphous Sac/CyD-HGFs 

was affected by water solubility of CyDs. Notably, the presence of γ-CyD in Sac-HGF 

significantly improved the physicochemical properties of Sac-HGF. In addition, the Sac/γ-

CyD-HGF markedly improved wound healing in mice, compared to that achieved with the 

Sac-HGF without γ-CyD. Furthermore, the Sac-HGF has the potential to deliver water 

soluble complex of curcumin/HP-γ-CyD at the wound site and promote the wound healing 

ability. These findings may be useful information for preparation of wound dressing materials 

using sacran, CyDs and drugs.   

	

	

	

	

	

Fig. 1.  Partial Structural Formula of Sacran	
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Introduction 

 
The skin is a multilayer organ that covers the entire human body.  Its primary function 

is to serve as a protective barrier that prevents the body dehydration and the penetration of 

external microorganisms.1,2) The epidermis, the outer layer of the skin predominantly 

consisting of keratinocytes, possesses a competent barrier to prevent excessive water loss. 

The keratinocytes proliferate at the stratum basale (SB), and migrate towards the skin surface 

to the stratum spinosum (SS), the stratum granulosum (SG), and the stratum corneum (SC), in 

parallel with their differentiation (Fig. 1). The SC as the outermost epidermal layer is 

composed of terminally differentiated (denucleated) keratinocytes and corneocytes, 

surrounded by a mixture of lipids (mainly ceramides, cholesterol, and fatty acids), which 

together form continuous multilamellar membranes serving as a permeability barrier.3) The 

dermis is the layer of skin beneath the epidermis that consists of connective tissue and 

cushions the body from stress and strain. The dermis provides tensile strength and elasticity 

to the skin through an extracellular matrix composed of collagen fibrils, microfibrils, and 

elastic fibers, embedded in hyaluronan and proteoglycans.4) The subcutaneous tissue or 

hypodermis is the adipose-rich layer under the skin associated with a number of well-

described functional roles. It provides insulation to conserve internal body heat, acts as a 

cushion to protect deeper tissue and organs, serves as an energy and fluid reserve, and 

provides structural and circulatory support to the overlying dermis and epidermis.5)  

 

 

 

 

 

 

 

 

 

 
Fig. 1.  Skin Structure3) 
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Injury to the skin provides a natural biological reaction with a complex and an intricate 

process of wound healing.6) The wound healing process is considered to consist of four stages 

(Fig. 2.). The hemostasis stage starts immediately after wound infliction via platelet 

aggregation and fibrin clot formation.  Then, the inflammatory stage can be identified by the 

presence of neutrophils for wound debridement as well as macrophages that release cytokines 

at the wound site.  In the proliferative stage, fibroblasts penetrate the wound and deposit a 

new extracellular matrix to begin the re-epithelialization process. Finally, the synthesis of 

collagens and myofibroblasts facilitates further tissue remodeling processes.7–9) All the stages 

must occur in the correct sequence and timespan to ensure complete healing.10) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 2.  Major Cells and Their Effects on Normal Wound Healing9) 

 

  

Minutes  Hours  Days      Weeks                Months  

Inflammatio
n Hemostasis 

Platelets    Fibrin clot formation 
  Vasoactive mediator release 
  Cytokine and growth factor release 
Inflammation 
Mast cells Platelet-activating mediator release 
  Vasoactive and chemotactic mediator release 
Neutrophils and Chemotaxis, inflammation 
Monocytes Killing and phagocytosing, wound debridement 
  Cytokines and growth factor release 

Proliferation 

Skin resurfacing 
Keratinocytes Reepithelialization 
   
Dermal restoration 
Endothelial cells Angiogenesis 
Fibroblasts Fibroplasia 

Remodeling 
Keratinocytes Epidermis maturation 
Myofibroblasts Wound contraction 
  Apoptosis and scar maturation 
Endothelial cells Apoptosis and scar maturation 
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In general, there are two major types of wounds: acute and chronic. Most of acute 

wounds tend to heal within 3 weeks, while chronic wounds tend to persist for a minimum of 

3 months since the onset of injury.11) The current standard of care for chronic wounds 

consists of swabbing for infection, cleaning, dressing, and in some cases debridement of the 

wound.  Additionally, a moist wound care has been established as a standard therapy for 

chronic wounds with impaired healing.12) The wound healing concept by maintaining moist 

environment at the wound site is connected with the rapid healing, pain reduction, infection 

control, decreasing the scarring and healthcare costs, for the treatment of both acute and 

chronic wounds.13) When compared with dry wounds, a moist wound environment enhances 

re-epithelialization, stimulates collagen synthesis and increases growth factor activity, 

resulting in acceleration of the healing process.14)  

Nowadays, the modern wound dressings have been developed to preserve and protect a 

moist environment in the both acute and chronic wounds. The modern wound dressings are 

classified as the passive and interactive dressings. The passive products are non-occlusive, 

such as gauze and tulle dressings, used to cover the wound to restore its function underneath. 

Meanwhile, the interactive dressings are semi-occlusive or occlusive, available in the forms 

of films, foam, hydrogel and hydrocolloids, which can be incorporated with bioactive agent 

to promote wound healing.  Among other forms, the thin hydrogel films (HGFs) consisting of 

water-swollen polymer networks have attracted a lot of attentions for the last few decades 

due to their excellent properties such as adhesive, porous, semi permeable, flexible and easily 

conformable, for the treatment of acute and chronic wounds.15)  

HGFs can be defined as two- or multi-component systems consisting of a three-

dimensional (3D) network of polymer chains and water that fills the space between 

macromolecules which are prepared as thin films.16) There are four generic forms of a 

hydrogel material as described in Fig. 3A;  (1) the bulk material as a 3D hydrogel, (2) the 

microgels as small particles, (3) the brush layers with individual polymer chains attached 

onto a solid support, and (4) the thin hydrogel network films, preferentially attached to a solid 

support. A 3D hydrogel is defined as a macroscopic object consisting of the bulk hydrogel 

material (Fig. 3(A)(1)), which is not confined by any external constraints, such as attachment 

to a substrate of enclosure in a tight container. Microgels consist of small particles (Fig. 

3(A)(2)), about 100 nm to 1 µm in diameter, of a cross-linked hydrophilic polymer, which 

can be swollen and dispersed in water.17) In contrast to the 3D hydrogel, microgels possess a 

large surface-to-volume ratio that allows rapid solvent exchange with the environment and 

thus show a very fast swelling and collapse behavior. As shown in Fig. 3(A)(3), instead of 
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forming a continuous gel network, the hydrophilic polymer chains can also be individually 

attached to a solid substrate with only one end to yield a polymer brush layer. An interesting 

gel format represents thin hydrogel network films (Fig. 3(A)(4)). This form combines the 

robust network architecture of 3D bulk gels and microgel particles with the high surface-to-

volume ratio of microgels and brush layers. By anchoring the polymer network to a solid 

substrate at many points, the mechanical stability of these gel layers is further increased. The 

swelling behavior is strongly determined by the cross-link density of the network and the 

surface attachment. This leads to a quasi one-dimensional (1D) swelling in the direction away 

from the substrate, because substrate anchoring hinders the in-plane swelling.18)  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.  Format of Hydrogels and	Thin Hydrogel Network Films18) 
(A) Schematic representation of hydrogel formats, (1) 3D hydrogel gel, (2) microgel 
particle, (3) brush layer, and (4) thin hydrogel network films. (B) Thin hydrogel 
network films swelling in one dimension away from the substrate.  

 

 

 

A polymer for HGF materials in wound dressing application is one of essential factors 

for not only preventing further harming cutaneous wounds but also promoting wound 

healing. Therefore, to achieve an ideal wound healing, the development of advanced dressing 

materials is necessary.  

During last two decades, natural polymers are widely used in the regenerative medicine 

field, outstandingly for wounds dressing because of their biocompatibility, biodegradability 

and similarity to the extracellular matrix. Natural polymers are involved in the repair of 

damaged tissues and consequently in skin regeneration, inducing and stimulating the wound 

(A) 

(B) 

(1) (2) (3) (4) 



	 5	

healing process. In addition, the swollen ability of natural polymer-based hydrogels has some 

functions to absorb the overage of wound exudate and accelerate autolysis process for wound 

debridement.19) Therefore, hydrogels containing crosslinked natural polymers can be used for 

wounds  dressing, such as polysaccharides (dextrans, chitosan, cellulose, alginates, 

carrageenan, glycosaminoglycans), glycolipids (̨α-galactose), proteins (collagen,	gelatin) and 

peptides (recombinant human epidermal growth factor (rhEGF)).20) 

Nowadays, a megamolecular natural polysaccharide sacran was newly extracted from 

cyanobacterium Aphanothece sacrum.21) Sacran is the heteropolysaccharide composed of 

various sugar residues such as D-glucopyranose (Glc), D-galactopyranose (Gal), D-

mannopyranose (Man), D-xylopyranose (Xyl), 6-deoxy-D-mannopyranose (Rha), 6-deoxy-

D-galactopyranose (Fuc), D-galactopyranuronic acid (GalA (anionic)), and D-

glucopyranuronic acid (GlcA (anionic)), with a composition of 25.9 : 11.0 : 10.0 : 16.2 : 10.2 

: 6.9 : 4.0 : and 4.2, respectively, and contains trace amounts (ca. 1.0%) of arabinose (Ara), 

galactosamine (GalN (cationic)), and muramic acid (Mur (amphoteric)).22) Sacran chains 

have 11% sulfate groups, 22% carboxyl groups, and 250% hydroxyl groups per a 

monosaccharide residue (Fig. 4).23) Sacran has the potential properties to be developed as a 

basic material in HGFs for wound dressing application, such as a very high molecular weight 

(2.9 × 107 Da), a safe biomaterial and a high moisturizing effect. The safety of sacran as a 

biomaterial could be guaranteed by the long term usage of Aphanothece sacrum by 

inhabitants of the Kyushu region in Japan as a functional food to ameliorate allergic tendency 

and gastroenteritis.24)  

 

 

 

 

 

 

 

 
Fig. 4.  Partial Structural Formula of Sacran 
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Recently, Ngatu et al. reported that sacran could alleviate eczematous skin lesions in 

atopic dermatitis (AD) and contact eczema patients. More importantly, none of the patients 

showed adverse effects that could be caused by sacran.25) Most recently, we demonstrated 

that sacran provides anti-inflammatory activity by ameliorating the skin barrier function not 

only in various inflammatory models but also in patients with AD. In the immatured dermal 

skin model stimulated with 2,4-dinitrofluorobenzene (DNFB), the sacran treatment markedly 

down-regulated inflammatory cytokine and chemokine mRNA levels such as monocyte 

chemoattractant protein-1 (MCP-1), tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), 

and interleukin-6 (IL-6) mRNA, compared with that of DNFB alone. In addition, a sacran 

solution significantly suppressed the mRNA expression of TNF-α and cyclooxygenase-2 

(COX-2) in RAW264.7 cells, a murine macrophage-like cell line, stimulated with phorbol-

12-myristate-13-acetate (PMA). Furthermore, a sacran solution significantly lowered β-

hexosaminidase release from RBL-2H3 cells, a rat basophilic leukemia cell line, indicating 

the suppression of allergic response.  These results suggest that a sacran solution may have 

the potential to improve AD symptoms through the impairment of expression of 

inflammatory cytokines and chemokines.24,26) 

Sacran also has a film-forming ability, creating a sacran hydrogel film (Sac-HGF). 

Many HGFs are prepared by a chemical or physical crosslinking method.  In a chemical 

crosslinking method, the organic solvents and chemical crosslinkers are potentially hazardous 

in the body.27) Meanwhile, the physical crosslinking method does not require the addition of 

hazardous chemical crosslinkers. The physically crosslinked-sacran HGFs can be obtained by 

the water-casting method, and shows a self-assembled in-plane orientation.28) However, some 

physicochemical properties of Sac-HGF need to be tailored to obtain the ideal HGF 

properties such as the porosity, swelling capability, and skin hydration for wound dressing 

application.  

Cyclodextrins (CyDs), which are cyclic (α-1,4)-linked oligosaccharides of α-D-

glucopyranose, are commonly used as pharmaceutical excipients for numerous purposes, 

such as improving the solubility, stability, bioavailability, local irritation, incompatibility, and 

bitterness of drugs.29,30) There are three common types of natural CyDs as first generation or 

parent CyDs.  α-, β- and γ-CyDs are composed of six, seven and eight α-(1,4)-linked glycosyl 

units, respectively.  Because of the large number of hydroxyl groups on CyDs, they are 

water-soluble.  The water solubilities of α-, β- and γ-CyDs at 25°C are approximately 14.5, 

1.85 and 23.2 (%, w/v), respectively (Fig. 5).31) Although the hydrophilic CyD molecules can 
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dissolve in water, the interior of the cup is relatively apolar and creates a hydrophobic 

microenvironment. Therefore, CyDs have hydrophilic cavity exteriors and hydrophobic 

cavity interiors. These properties are responsible for their aqueous solubility and 

encapsulation ability into hydrophobic moieties, and the incorporation of 'guest' molecules 

into CyD cavities in aqueous media has been the basis for most pharmaceutical 

applications.32)  

The various kinds of hydrophilic CyD derivatives have been developed to extend 

physicochemical properties and inclusion capacity of natural CyDs. They are applicable as a 

functional drug carrier to control the rate and/or time profile of drug release in 

pharmaceutical fields. Hydrophilic CyDs can modify the release rate of poorly water-soluble 

drugs, which can be used for the enhancement of drug absorption across biological barriers, 

serving a potent drug carrier in the immediate release formulations. Amorphous CyDs such 

as 2-hydroxypropyl-β-CyD (HP-β-CyD) are useful for inhibition of polymorphic transition 

and crystallization rates of poorly water-soluble drugs during storage, which can 

consequently maintain the higher dissolution characteristics and oral bioavailability of the 

drugs. 

 

 

 

 

 

 

 

Property α-CyD β-CyD γ-CyD 

Number of glucopyranose units 6 7 8 

Molecular weight (g/mol) 973 1135 1297 

Solubility in water at 25 °C (%, w/v) 14.5 1.85 23.2 

Outer diameter (Å) 14.6 15.4 17.5 

Cavity diameter (Å) 4.7–5.3 6.0–6.5 7.5–8.3 

Height of torus (Å) 7.9 7.9 7.9 

Cavity volume (Å3) 174 262 427 
 

Fig. 5.  Structures and Properties of Natural CyDs30) 
  

n

Primary face

Secondary face

OH

HO OH
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Recently, CyDs have been utilized as functionalized excipients in hydrogel 

formulations.  For example, Demir et al. reported that β-CyD enhanced the swelling ability of 

a hydrogel composed of β-CyD urethane-methacrylate monomer, poly(ethylene glycol) 

diacrylate, and 2-hydroxyethyl methacrylate by the formation of a porous fractured surface.33) 

In addition, we previously reported that α-CyD and γ-CyD provided porous structures and 

improved the swelling ability of the insulin/α-CyD and insulin/γ-CyD polypseudorotaxane 

hydrogels, respectively.34) Considering these observations, we hypothesized that CyDs might 

provide porous structures in Sac-HGF, resulting in the maintenance of a moist environment 

in the wounded skin area. In addition, the complexation ability of CyDs with excellent drug 

candidates can be incorporated with Sac-HGFs to accelerate wound healing process. 

Turmeric (Curcuma longa), a popular Indian spice, has been used for centuries in herbal 

medicines for the treatment of a variety of diseases such as rheumatism, diabetic ulcers, 

anorexia, cough and sinusitis. Curcumin (diferuloylmethane) is the main curcuminoid present 

in turmeric and responsible for its yellow color. Curcumin has been shown to have significant 

anti-inflammatory, antioxidant, anti-carcinogenic, anti-mutagenic, anticoagulant and anti-

infection effects. In addition, curcumin has a significant wound healing properties and works 

at different stages of the natural wound healing process to accelerate healing.35) Furthermore, 

curcumin has been found to improve skin wound healing through involvement in tissue 

remodeling, granulation tissue formation, and collagen deposition.36) Recently, some studies 

proved that the application of curcumin on wound also enhances epithelial regeneration and 

increases fibroblast proliferation and vascular density.37,38) However, curcumin has poor 

bioavailability issues such as extremely low water-solubility, low stability, rapid metabolism 

and poor absorption.39,40) Lately, complex formation of CyDs with curcumin has been taken 

into consideration to overcome these problems.  

Practical use of natural CyDs as drug carriers is restricted by their low aqueous 

solubility. Hydroxyalkylation of the hydroxyl groups of CyDs has been used to solve these 

problems. Hydroxyalkylated CyDs such as 2-hydroxypropyl-α-CyD (HP-α-CyD), 2-

hydroxypropyl-β-CyD (HP-β-CyD), and 2-hydroxypropyl-γ-CyD (HP-γ-CyD) are 

amorphous mixtures of chemically related components with different degrees of 

substitution.41) In previous studies, of the hydroxypropylated CyDs, HP-γ-CyD showed the 

highest affinity to curcumin (association constant: 104 M-1) and improved the water 

solubility.42,43) Therefore, to enhance the solubility and stability of curcumin, HP-γ-CyD can 

be used because it encapsulates curcumin as a guest molecule. 
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Based on these backgrounds, we designed and evaluated sacran/CyD HGFs for wound 

dressing materials. In the Chapter 1, to develop and characterize sacran as a hydrogel films 

for wound dressing application, we prepared a physically crosslinked-Sac-HGFs, and 

evaluated their physicochemical properties, cytotoxicity, skin hydration and wound healing 

ability.  Additionally, we hypothesized that CyDs might provide porous structures in Sac-

HGFs, resulting in the maintenance of a moist environment in the wounded skin area.  

Therefore, in the Chapter 2, to enhance the wound-healing properties of Sac-HGF, we 

prepared novel physically crosslinked-Sac-HGFs containing CyDs, and examined their 

physicochemical properties, cytotoxicity, skin hydration, and wound healing ability.  Finally, 

to investigate the potential of CyDs and Sac-HGFs in wound dressing application, curcumin 

was selected as a model drug for wound healing in the Chapter 3. 
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Chapter 1 

Effects of sacran hydrogel film (Sac-HGF) on wound healing ability 
 

1.1. Introduction 

 

The thin hydrogel films (HGFs) consisting of water-swollen polymer networks can be 

potentially applied for wound dressing application. The HGFs have an ability to maintain and 

produce a moist environment at the wound site, which is important in wound healing therapy 

by avoiding not only tissue dehydration but also cell death in regeneration during repairing of 

dermal and epidermal tissues.20,44,45)  

In general, the ideal properties of wound dressing materials must be biocompatible, non-

irritating, non-toxic and suitable mechanical properties as well as the moisturizing capability 

for the skin.46) To obtain the ideal HGFs properties, the suitable polymer materials of HGFs 

are needed. Some polymers derived from natural products having emollient, demulcent, 

epithelializing, astringent, and pharmacological properties can accelerate the wound healing 

ability.5) Natural polymers like collagen, glycosaminoglycan, elastin, fibrinogen are 

biocompatible compounds similar to macromolecules recognized by the human body. They 

are also used in regenerative medicine for human epithelial stem cells culture or in vitro 

reconstituted epithelia, respectively.47,48) Sacran, a novel megamolecular polysaccharide 

derived from cyanobacterium Aphanothece sacrum, has a similar chemical structure to 

glycosaminoglycans. Additionally, sacran has a film-forming ability by the water-casting 

method and shows the anti-inflammatory effect by modifying skin barrier function in atopic 

dermatitis patients.24,28) 

The preparation methods of HGFs are also important to achieve optimum HGF 

properties by using a chemical or physical crosslinker. The physical crosslinking method is 

better than that of the chemical crosslinking method, because of its safety from the addition 

of hazardous organic solvents and chemical crosslinkers.49,50) In this study, to develop and 

characterize sacran as a HGF for wound dressing application, we prepared a physically 

crosslinked-sacran hydrogel film (Sac-HGF), and evaluated their physicochemical properties, 

cytotoxicity, skin hydration and wound healing ability. 
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1.2. Physicochemical characterization of Sac-HGF 

 

The solvent-casting method was used to fabricate a physically crosslinked-Sac-HGF 

(Fig. 6).  Sacran was dissolved in distilled water at 80°C for 24 h to obtain sacran solutions. 

Then, the solutions were poured into the polypropylene boxes and dried at 60°C in an oven to 

obtain dried films.  After that, the dried films were heated at 110°C for 2 h to get Sac-HGF. 

As shown in Figs. 7 and 8, the Sac-HGF and sodium alginate hydrogel film (Na-Alg-HGF) 

were successfully prepared with a homogenous, smooth surface and translucent.  

 

 

 

Fig. 6.  Preparation of Sac-HGF 
Sacran solution (0.5% (w/v)) was poured into the polypropylene box, and dried for 
48 h at 60°C. Then, the sample was heated for 2 h at 110°C to obtain Sac-HGF. 

 
 

 

 

 

 

 

 

 

 

 
Fig. 7.  Appearance of Sac-HGF and Na-Alg-HGF 

 

 

 

 

Sacran  Sacran solution 
(0.5% (w/v)) 

24 h, 80°C 

Drying Heating 

Sac-HGF 

48 h, 60°C 2 h, 110°C 

Dissolving 

Sac-HGF 

Na-Alg-HGF 
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We next examined the physicochemical properties of the Sac-HGF. Firstly, the 

thickness of the HGFs was determined using a dial thickness gauge. The results showed that 

the thicknesses of the Sac-HGF and Na-Alg-HGF were 0.049 nm and 0.057 mm, 

respectively.  

Generally, it is important for HGFs to have an amorphous state due to a high 

thermodynamic activity.51,52) To investigate the crystalline or amorphous state of the Sac-

HGF, we analyzed the powder X-ray diffraction (XRD) pattern of the HGFs. Approximately 

2.5 x 2.5 mm2 of the HGFs were scanned by a powder X-ray diffractometer. As shown in Fig. 

9, the powder XRD of the Sac-HGF and Na-Alg-HGF showed a hallo pattern, indicating the 

amorphous form. These results suggest that both the Sac-HGF and Na-Alg-HGF have a high 

thermodynamic activity. 

 

 

 
 

Fig. 8.  Thickness of Sac-HGF and Na-Alg-HGF 
Thickness of the film was measured by a dial thickness. Each value represents the 
mean ± S.E. of 6 experiments.  
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Fig. 9. Powder XRD Patterns of Sac-HGF and Na-Alg-HGF 
The hydrogel films (2.5 x 2.5 mm2) were placed on a sample holder of X-ray 
diffractometer (Rigaku Ultima IV).  Powder XRD patterns were obtained under the 
conditions with a Ni filtered Cu-Kα radiation, a voltage of 40 kV, a current of 20 mA, a 
divergent slit of 10 mm (0.5°), a scanning speed of 5°/min, opened scattering and 
receiving slits. The experiments were independently performed three times, and 
representative data are shown. 
 
 
 

To understand the thermal behavior of HGFs, we then examined the differential 

scanning calorimetry (DSC) thermograms of HGFs (Fig. 10). Briefly, the HGFs (5 mg) were 

heated in an aluminum pan at a heating rate of 10°C/min from 50 to 300°C under nitrogen 

atmosphere. As a result, the endothermic peaks of the Sac-HGF and Na-Alg-HGF were found 

around 100ºC derived from dehydration process (Fig. 10A). In addition, the degradation peak 

of the Sac-HGF at 260ºC was higher than that of the Na-Alg-HGF at 210ºC, indicating that 

the Sac-HGF was more stable in high temperature than the Na-Alg-HGF. 

It is likely that one of the ideal properties of the HGFs is a high swelling ability with 

reversible properties.18) Therefore, we next evaluated the swelling ability of the Sac-HGF.  

Here, we used a gravimetric method to calculate the swelling ratio of the HGFs after 

immersing in water for 24 h, comparing to the initial weight. As shown in Fig. 10B, the Na-

Alg-HGF could not be weighted 24 h after immersion in water, because of the collapse after 

immersing for 1 h. Meanwhile, the Sac-HGF was swollen about 19-fold, compared to the 

initial weight. These results suggest that the Sac-HGF successfully formed physically-

crosslinked-HGF. 
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Fig. 10.  DSC Thermograms and Swelling Ratios of Sac-HGF and Na-Alg-
HGF 
(A) DSC thermograms of Sac-HGF and Na-Alg-HGF (B) The swelling ratios of 
Sac-HGF and Na-Alg-HGF. The HGFs (1.5 x 1.5 cm2) were immersed into water 
and weighted (Wt) at 24 h. The swelling ratios were determined by comparing Wt 
and initial weight (Wo). ND means not-determined. Each value represents the mean ± 
S.E. of 6 experiments.  

 

 

A high porosity of the HGFs is needed for wound dressing application to absorb 

wound fluid, promote healing, and release a higher drug.22) Therefore, we next investigated 

the porosity of the Sac-HGF by a scanning electron microscopy (SEM) after immersing into 

water for 1 h and lyophilization. The Na-Alg-HGF was excluded in SEM analysis, because of 

a collapse after immersing in water. As a result, the Sac-HGF had a porous structure (Fig. 

11), suggesting that the Sac-HGF can be applied for wound dressing application. 

 

 

 

 

 

 

 

 

 
Fig. 11.  SEM Analysis of Sac-HGF 

The percentage of porosity represents the mean ± S.E. of 3 experiments.  
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1.3. Cytotoxic activity of Sac-HGF 

 

Wound dressing materials need to be safe for the application. Therefore, to reveal the 

safety of Sac-HGF, we evaluated cytotoxicity of the film in NIH3T3 cells by the WST-1 

method. The HGFs were added to NIH3T3 cells and incubated for 4 h. Then, the viability 

was measured by the WST-1 method. As shown in Fig. 12, the Sac-HGF did not show any 

cytotoxicity to NIH3T3 cells, suggesting that the Sac-HGF is safe for wound dressing 

application. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12.  Cytotoxicity of Sac-HGF and Na-Alg-HGF in NIH3T3 Cells 
NIH3T3 cells were incubated with the HGFs for 4 h.  Then, the cell viability was 
measured by the WST-1 method. Each value represents the mean ± S.E. of 3 
experiments.  
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1.4. Skin hydration of Sac-HGF 

 

To determine the moisture content on the mice skin which is required for the wound 

healing process, we next examined the skin hydration after treatment with the Sac-HGF in 

hairless mice. In this experiment, we could not use the Na-Alg-HGF, since it totally dissolved 

after immersing in water for 1 h. Concisely, after immersing the HGF (1.5 x 1.5 cm2) in 

distilled water for 1 h, the left and right sites of the dorsal mice skin were applied with a 

swollen Sac-HGF. The skin hydration at 0, 1, and 12 h expressed as relative capacitance 

using skin moisture sensor MY-808S. As shown in Fig. 13, the Sac-HGF significantly 

increased the moisture content, compared to control (non-treated), and maintained 

moist environment up to 12 h. These results were strongly supported by those of porous 

structure and high swelling ability of the Sac-HGF, which accelerate the water loading 

capability of the HGF. 

 

 
Fig. 13.  Effect of Sac-HGF on Skin Hydration in Hairless Mice 

The Sac-HGF (1.5 x 1.5 cm2) was immersed into water for 1 h.  For the sacran 
treatment group mice, the left and right sites of the dorsal mice skin were applied 
with a swollen Sac-HGF. Skin hydration at 0, 1, and 12 h expressed as relative 
capacitance using skin moisture sensor MY-808S. Each value represents the mean ± 
S.E. of 3 experiments. *p<0.05, compared to control. 
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1.5. In vivo wound healing study of Sac-HGF 

 

To clarify the effect of the Sac-HGF on wound healing, we performed the wound 

closure study in hairless mice (Fig. 14). Briefly, two full-thickness excisional wounds were 

created using 8 mm-modified biopsy punch in the dorsal site of hairless mice.  The wound 

areas were quantified using ImageJ software and were expressed as percentage of the 

respective initial wound. The Sac-HGF, which was applied on wound site on the initial day, 

significantly improved the wound healing ability at 6, 9, and 12 days, compared to control 

(non-treated). In addition, the wound healing ability of Sac-HGF tended to be more potent 

than that of a Na-Alg-HGF, probably due to the high moisturizing effect of sacran. These 

results suggest that sacran has the potential properties as a basic biomaterial in a HGF for 

wound dressing application. 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
Fig. 14. In Vivo Wound Healing Studies of Sac-HGF and Na-Alg-HGF 

(A) Representative images of wounds of three test groups in the in vivo wound 
healing studies of Sac-HGF and Na-Alg-HGF. (B) Wound closure of Sac-HGF and 
Na-Alg-HGF. Each value represents the mean ± S.E. of 3 experiments. *p<0.05, 
compared to control. 
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1.6. Discussion 
 

In the preparation processes of physically crosslinked-Sac-HGF (Fig. 6), the drying 

and heating processes were critical steps as Okajima et al. reported. Namely, the drying 

process at 60°C was important to evaporate the solvent gradually, and then sacran molecules 

effectively aligned and provided an orientation of sacran molecules in the films. In addition, 

the heating process at 110°C has a critical role to form crosslinking junctions between sacran 

chains. It is reported that sacran has annealing temperature in the range of 70°C to 140°C and 

the number of crosslinking junctions is efficiently risen by increasing the annealing 

temperature.28) Taken together, the Sac-HGF was prepared with crosslinking junctions 

between sacran chains. 

An amorphous hydrogel with high thermodynamic activity tended to be essential for 

wound dressing application.53) Recently, Das et al. proved that a silver nanoparticle-loaded 

amorphous hydrogel of carboxymethylcellulose (SNP-CMC) could be used for filling deep 

wounds of irregular shapes. The absorbing property of SNP-CMC gel would help in 

removing the exudates and prevent wound maceration, while the donation property would 

help in debridement of dead tissue. These properties would ensure a moist wound 

environment and facilitate early wound healing.54) In other study, hypromellose succinate-

crosslinked chitosan HGFs showed an amorphous XRD pattern, which could absorb more 

drugs than their parent polymers, and undergo sustained drug release.55) In this study, the 

Sac-HGF showed amorphous form (Fig. 9), suggesting the potential as a wound dressing 

material.  

In the thermal analysis, the endothermic peaks of Sac-HGF and Na-Alg-HGF were 

derived from dehydration process (Fig. 10A). In addition, the degradation peak of Sac-HGF 

was higher than that of Na-Alg-HGF, probably due to a giant molecular weight of sacran 

(MW : 2.9 × 107), which is around 100,000 times higher than that of Na-Alg. This result also 

indicates that sacran did not degrade during the heating process at 110ºC in the preparation of 

the Sac-HGF. 

Importantly, most of the hydrogels for wound dressing application use a chemical or 

physical crosslinker to obtain an optimum condition of the swelling ratio.56,57) Recently, 

Okajima et al. reported that sacran can form a nematic liquid crystalline (LC) in aqueous 

solution at low concentration (0.5% (w/v)).28) In addition, LC structure is important to create 

a junction between the chains during annealing process.22) Therefore, in this study, Sac-HGFs 
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successfully formed physically crosslinked-HGFs by an annealing process without any 

chemical crosslinkers.  Meanwhile, Na-Alg could not generate a nematic LC in the aqueous 

solution phase, suggesting that the HGF composed of Na-Alg had poor crosslinkage, and was 

easy to collapse during immersing in water (Fig. 10B).   

Recently, Singh et al. verified that the crosslinked network and porous structure of 

HGFs containing polyvinyl alcohol, tragacanth gum and Na-Alg facilitate the drug-delivery 

application of hydrogels and also increase swelling properties of the hydrogels.58) From the 

SEM analysis, the Sac-HGF had a porous structure (Fig. 11). Therefore, the Sac-HGF can 

increase the moisture content and maintain a moist environment (Fig. 13), probably due to 

the porous structure and high swelling ability of Sac-HGFs, which accelerate the water 

loading capability to Sac-HGF.  

Nowadays, a wide type of wound care products are available in the market, such as 

hydrocolloids, collagen, foam, alginate, gel or hydrogel, honey, compression, and film 

dressings. Out of these products, the alginate dressing has unique properties as a natural 

polysaccharide with its biocompatibility and biodegradability at the wound site. Therefore, in 

this study, we selected Na-Alg as a control HGF. 

The wound healing ability of Sac-HGF tended to be more potent than that of a Na-

Alg-HGF (Fig. 14), probably due to the high moisturizing effect of sacran. These properties 

were closely associated to the heating or annealing process in the preparation of Sac-HGF. As 

reported by Okajima et al., the physically crosslinking mechanism is related to the 

vaporization of water remaining in Sac-HGF. Sacran could bind water molecules in a way 

that is similar to that of other polysaccharides. Once water molecules were removed by 

heating, sacran chains can form multiple hydrogen bonds with one another, which lead to the 

physical crosslinking of the chains. If a few ester bonds of uronic carboxylic acid with 

hydroxyls are formed, these covalent bonds should work as chemical crosslinking points. 

Comparing to other polysaccharides like Na-Alg, hyaluranic acid, and xanthan gum, only 

sacran and xanthan gum demonstrated a LC phase, which might have an effect on hydrogel 

formation.28) 

As shown in Fig. 15, sacran has the potential properties as a basic biomaterial in a 

HGF for wound dressing application. Sac-HGF can absorb and retain the wound exudates, 

which promote fibroblast proliferation and keratinocyte migration. The last two processes are 

very necessary for complete epithelialization and healing of the wound.45,59) In addition, the 

Sac-HGF structure protects the wound from infection and prevents microorganism and 

bacteria to reach the wound area. It was also demonstrated that the wound healing with wet 
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dressings is faster than that with dried dressings. This fact is ascribed to the healing and the 

renewed skin without formation of eschars or inflammation; can be only taken place in a wet 

environment.45)  Most recently, we revealed that sacran significantly improved in atopic 

dermatitis symptoms in patients, through not only an amelioration of skin barrier function but 

also anti-inflammatory effects of sacran.24) To regulate the skin barrier function, filaggrin is 

essential, because filaggrin monomers can be incorporated into the lipid envelope. Actually, 

we revealed that sacran augmented profilaggrin mRNA expression in mice skin (unpublished 

data). Therefore, a Sac-HGF may enhance skin barrier function in wound healing process. In 

addition, Ngatu et al. reported that sacran was able to decrease various cytokine productions 

such as interleukin-5 (IL-5), interferon-γ (IFN-γ), and tumor necrosis factor-α (TNF-α) in 

atopic dermatitis model mice.60) Importantly, Leitch et al. proved that overexpression of IL-5 

significantly inhibited wound healing and impaired re-epithelialization in mice.61) In addition, 

IFN-γ decreases collagen production, leading to delay of the formation of new granulation 

tissue.62) Meanwhile, TNF-α, a pro-inflammatory cytokine, needs to be inhibited for avoiding 

a chronic state and an impaired healing.63,64) Therefore, in this chapter, to develop and 

characterize sacran as a HGF for wound dressing application, we successfully prepared a 

physically crosslinked-Sac-HGF, and considerably improved wound healing ability, 

compared to control (non-treated), probably due to not only moisturizing and bacterial wound 

protection of Sac-HGF, but also the anti-inflammatory effects of sacran. 

 

 
 

 

 
 
 
 
 
 
 
 
 

Fig. 15. Effects of Sac-HGF on Wound Healing Ability  
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1.7. Summary 

 

In this study, we prepared a physically crosslinked-Sac-HGF, and evaluated its 

physicochemical properties, cytotoxicity, skin hydration and wound healing ability. 

 

1) We successfully fabricated a physically crosslinked-Sac-HGF by a solvent-casting 

method.   

 

2) The thickness of the Sac-HGF was lower than that of the Na-Alg-HGF.  

 
3) The powder X-ray diffraction analysis of Sac-HGF and Na-Alg-HGF showed amorphous 

patterns.  

 
4) The swelling ratio of the Sac-HGF in water at 24 h was 19-fold, compared to that of at 

onset time. Meanwhile, the Na-Alg-HGF was completely broken apart after rehydration.   

 
5) The Sac-HGF had a porous structure, which is consistent with the swelling ratios. 

 
6)  The Sac-HGF did not show any cytotoxicity in NIH3T3 cells. 

 
7) The in vivo skin hydration study revealed that a Sac-HGF significantly increased the 

moisture content on hairless mice skin. 

 
8) The Sac-HGF, which was applied on wound site, considerably improved wound healing 

ability, compared to control (non-treated).  

  

These results suggest that Sac-HGF has the potential as a basic biomaterial for wound 

dressing application. 
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Chapter 2 

Effects of sacran/cyclodextrin HGFs (Sac/CyD-HGFs) on wound healing 

ability 
 

2.1. Introduction 

 

In chapter 1, we successfully prepared a physically crosslinked Sac-HGFs and revealed 

its potential as a novel wound dressing material. However, some properties of the Sac-HGFs 

are expected to improve such as the porosity, swelling capability, and skin hydration ability 

to enhance the potential of Sac-HGF for wound dressing application. Especially, the porosity 

in HGFs is one of the key factors for their ability to not only maintain the moisture but also 

absorb the wound exudates, which are important to accelerate wound healing process.65,66) In 

addition, the porous structure of hydrogel networks can serve as suitable scaffold for tissue 

engineering in wound healing therapy.67) 

Cyclodextrins (CyDs), which are cyclic (α-1,4)-linked oligosaccharides of α-D-

glucopyranose, are commonly used as pharmaceutical excipients for numerous purposes such 

as the enhancement of drug solubility, stability, and bioavailability through formation of 

inclusion complexes.29) Nowadays, CyDs have been utilized as functionalized excipients in 

hydrogel formulations. For example, Demir et al. reported that β-CyD enhanced the swelling 

ability of a hydrogel composed of β-CyD urethane-methacrylate monomer, poly(ethylene 

glycol) diacrylate, and 2-hydroxyethyl methacrylate by the formation of porous fractured 

surface.33) In addition, we also reported that α-CyD and γ-CyD provided porous structures, 

and improved the swelling ability of insulin/α-CyD and insulin/γ-CyD polypseudorotaxane 

hydrogels, respectively.34) 

Considering these observations, we hypothesized that CyDs might provide porous 

structures in Sac-HGFs, resulting in the maintenance of a moist environment in the wounded 

skin area. Therefore, in this study, we prepared novel physically cross-linked Sac-HGFs 

containing CyDs (Sac/CyD-HGFs), and examined their physicochemical properties, 

cytotoxicity, skin hydration, and wound healing ability. 
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2.2. Physicochemical characterization of Sac/CyD-HGFs 

 

Previously, we successfully prepared a physically crosslinked Sac-HGF using the 

solvent-evaporation method. We next examined whether Sac-HGFs can be formed in the 

presence of CyDs, and evaluated their physicochemical properties.   

To prepare Sac/CyD-HGFs, sacran and CyDs with various concentrations (2.5, 5, and 

7.5 mM) were mixed and dissolved in distilled water as shown in Table 1. The Sac/CyD 

solutions were kept for 24 h at 80°C, and then placed in polypropylene boxes. After drying 

for 48 h at 60°C, the dried films were heated at 110°C for 2 h to obtain the Sac/CyD-HGFs.   

 

Table 1. Formula of Sac/CyDs-HGFs  

Formula Content Conc. 

Sac-HGF Sacran 0.5 % (w/v) 

Sac/α-CyD-HGF Sacran 0.5 % (w/v) 
α-CyD 2.5 mM, 5 mM, and 7.5 mM 

Sac/β-CyD-HGF Sacran 0.5 % (w/v) 
β-CyD 2.5 mM, 5 mM, and 7.5 mM 

Sac/γ-CyD-HGF Sacran 0.5 % (w/v) 
γ-CyD 2.5 mM, 5 mM, and 7.5 mM 
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As shown in Fig. 16A, Sac/α-CyD-HGFs with a homogeneous and smooth surface 

were prepared using the α-CyD at the concentrations of 2.5, 5, and 7.5 mM.  Additionally, 

the surface films of the Sac/γ-CyD-HGFs prepared with 2.5 and 5 mM γ-CyD, but not 7.5 

mM γ-CyD, were well fabricated.  Moreover, the surfaces of the Sac/β-CyD-HGFs were not 

homogenous when β-CyD was used at concentrations of 2.5, 5, and 7.5 mM, because of the 

crystallization of β-CyD in the films. These results suggest that the Sac/α-CyD-HGFs (α-

CyD: 2.5, 5 and 7.5 mM) and Sac/γ-CyD-HGFs (γ-CyD: 2.5 and 5 mM) were successfully 

formed.   

To investigate whether the Sac/α-CyD-HGFs and Sac/γ-CyD-HGFs possessed ideal 

properties for use as wound dressing materials, we examined their physicochemical 

properties. Firstly, the thickness of the homogeneous HGFs was determined using a dial 

thickness gauge. The thickness of the Sac/α-CyD-HGF and Sac/γ-CyD-HGF increased in an 

α-CyD and γ-CyD concentration-dependent manner (Fig. 16B and 16C). These results 

indicate that α-CyD and γ-CyD interfered with sacran chain in HGFs, increasing the 

thickness of the Sac-HGFs.  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 16. Appearance and Thickness of Sac/CyDs-HGFs 

(A) Appearance of Sac/CyDs-HGFs. (B and C) Thickness of Sac/α-CyD-HGFs and 
Sac/γ-CyD-HGFs. Each value represents the mean ± S.E. of 6 experiments. *p < 
0.05, compared to sacran. 
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Maintaining the HGF in an amorphous state is thought to be important for its 

thermodynamic activity. This is because amorphous HGF has a high thermodynamic activity 

that facilitates the drug diffusion, solubility, and bioavailability.51,52) To investigate whether 

the Sac/α-CyD-HGF and Sac/γ-CyD-HGF exhibited a crystalline or amorphous state, we 

then analyzed the powder X-ray diffraction (XRD) pattern of the HGFs.  Briefly, the 

Sac/CyD-HGFs (2.5 × 2.5 mm2) were kept on a sample holder and analyzed by XRD. In the 

absence of CyDs, the Sac-HGF showed a halo pattern, indicating an amorphous form.  

Moreover, the powder XRD patterns of the Sac/α-CyD-HGFs showed new peaks at 11.15-

11.17º, suggesting the formation of a different crystal form of α-CyD (Fig. 17A). In contrast, 

the powder XRD patterns of the Sac/γ-CyD-HGFs revealed an entirely amorphous state (Fig. 

17B).  Based on the XRD patterns and macroscopic appearance, we selected the Sac/γ-CyD-

HGFs (γ-CyD, 2.5 and 5 mM) with amorphous states, indicating a high thermodynamic 

activity for the subsequent studies.  

 

  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 17.  Powder XRD Patterns of Sac/CyD-HGFs  
Powder XRD patterns of (A) Sac/α-CyD-HGFs and (B) Sac/γ-CyD-HGFs. 
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One of the ideal properties of HGFs is a swelling ability, which enables them to 

maintain an internal aqueous solution without dissolving.16) To determine the swelling ability 

of the Sac/γ-CyD-HGFs, the gravimetric method was used to evaluate the swelling ratio. In 

this experiment, the Sac/γ-CyD-HGFs (1.5 × 1.5 cm2) were weighed (Wt) after immersion in 

water for 0.5, 1, 3, 6, and 12 h, then the swelling ratio was calculated by comparing the Wt 

and initial weight (Wo). Figure 18 revealed that the Sac-HGF prepared without CyDs showed 

swelling ability. Moreover, the swelling ratio of the Sac/γ-CyD-HGF (5 mM) was almost 3-

fold higher than that of the Sac-HGF. These results suggest that the swelling ratio of the 

Sac/γ-CyD-HGFs was improved by γ-CyD. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 18.  Swelling Ratio of Sac/γ-CyD-HGFs 

Sac/γ-CyD-HGFs were immersed in distilled water and weighed (Wt) at 0.5, 1, 3, 6, and 
12 h at room temperature. The swelling ratio was measured by comparing Wt and initial 
weight (Wo). Each point represents the mean ± S.E. of 6 experiments. *p < 0.05, 
compared to Sac-HGF. 
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The porosity of HGFs plays an important role in their ability to swell and absorb the 

wound exudates.65,66) Therefore, we investigated the porosity of the Sac/γ-CyD-HGFs (γ-

CyD, 2.5 and 5 mM) using SEM after immersing them in water for 1 h, followed by 

lyophilization. The porosity of the γ-CyD-containing Sac-HGFs increased in a γ-CyD 

concentration-dependent manner (Fig. 19A and B). These results indicate that γ-CyD 

decreased the sacran rigidity and provided the porous structure of the HGFs. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
Fig. 19. Microscopic Observation and Porosity of Sac/γ-CyD-HGFs 

(A) Scanning electron microscopy (SEM) images of Sac/γ-CyD-HGFs. (B) Porosity of 
Sac/γ-CyD-HGFs. Each value represents the mean ± S.E. of 6 experiments.  *p < 0.05, 
compared to Sac-HGF. 
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2.3. Cytotoxic activity of Sac/γ-CyD-HGFs 

 
For biomedical applications, biomaterials are expected to induce minimum cytotoxicity. 

Therefore, to investigate the safety of the Sac/γ-CyD-HGFs, we further determined the 

cytotoxicity of the HGFs in NIH3T3 cells, a murine fibroblast cell line, using the WST-1 

method. The HGFs were added to NIH3T3 cells and incubated for 4 h. Then, the viability 

was measured by the WST-1 method. The results revealed the negligible cytotoxicity of 

Sac/γ-CyD-HGFs (γ-CyD, 2.5 and 5 mM) in NIH3T3 cells (Fig. 20). These findings suggest 

that the Sac/γ-CyD-HGFs are a safe biomaterial for wound dressing applications. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 20.  Cytotoxicity of Sac/γ-CyD-HGFs in NIH3T3 Cells   

NIH3T3 cells were incubated with Sac/γ-CyD-HGFs for 4 h. Then, the cell viability was 
determined by the WST-1 method. Each value represents the mean ± S.E. of 3 
experiments. 
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2.4. Skin hydration of Sac/γ-CyD-HGFs 

 

The wound healing process can be improved by maintaining a moist wound 

environment, which inhibits dehydration, promotes angiogenesis, induces collagen synthesis, 

and enhances the breakdown of dead tissue and fibrin.68,69) Therefore, to investigate the 

influence of γ-CyD on the moisture-retaining effect of the Sac-HGFs on the skin, we 

evaluated the skin hydration after treating the hairless mice with the Sac/γ-CyD-HGFs. The 

experimental method of the skin hydration study of the Sac/γ-CyD-HGFs was the same as in 

the chapter 1.4. The presence of γ-CyD in Sac-HGFs maintained the moist skin environment 

of the treated mice for 24 h, compared to the absence of γ-CyD in Sac-HGFs (Fig. 21). In 

addition, the moisture content of the Sac/γ-CyD (5 mM) was approximately 47.17 ± 0.66%, 

and significantly higher than that of the Sac-HGF without γ-CyD. These results corroborate 

the porosity study’s one, which showed that the addition of γ-CyD to Sac-HGFs increased the 

swelling ability and water-loading capability.  Furthermore, we selected the Sac-HGFs 

containing 5 mM γ-CyD for the in vivo wound healing study because of its excellent skin 

hydrating properties. 

 

 

 

 

 

 

 

 

 

 

Fig. 21. Skin Hydration Induced by Sac/γ-CyD-HGFs in Hairless Mice   
Sac-HGFs were immersed in water for 1 h. For Sac-HGF and Sac/γ-CyD-HGF 
treatments, the left and right dorsal sides of mice skin were treated with swollen Sac-
HGFs. Each value represents the mean ± S.E. of 3 experiments. *p < 0.05, compared to 
control.  †p < 0.05, compared to Sac-HGF.  
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2.5. In vivo wound healing study of Sac/γ-CyD-HGF 

 

To examine the effect of Sac/γ-CyD-HGF on wound healing, we conducted an in vivo 

wound closure study (Fig. 22) in three groups of mice; the Sac/γ-CyD-HGF, Sac-HGF, and 

control (without treatment) groups. Concisely, two full-thickness excisional wounds were 

created using 8 mm modified biopsy punch in the dorsal site of hairless mice. The wound 

areas were quantified using ImageJ software and were expressed as percentage of the 

respective initial wound. Treatment of the wound area with the Sac/γ-CyD-HGF significantly 

accelerated the healing on day 5, 10, and 15, compared to that of the untreated control wound 

area. In addition, there was no any pathological fluid oozing out from the wounds and no sign 

of inflammation or infection formation in the wounds, as compared to control wound area on 

day 5, indicating the inflammation stage of wound healing was successfully finished. Similar 

to the Sac-HGF group, by day 15 post wounding the Sac/γ-CyD-HGF showed nearly 

complete wound closure whereas the untreated control mice recovered by 79.89 ± 1.63% at 

most. Importantly, the wound repair of the Sac/γ-CyD-HGF-treated mice tended to be more 

efficient than that of the Sac-HGF on day 10, probably due to the high moisturizing effect of 

the Sac/γ-CyD-HGF.  
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Fig. 22. In Vivo Wound Healing by Sac/γ-CyD-HGF 
(A) Representative images of wounds of three test groups. (B) Wound closure by Sac/γ-
CyD-HGF. Wound areas were quantified using ImageJ software. Each value represents 
the mean ± S.E. of 3 experiments. *p < 0.05, compared to control. †p < 0.05, compared to 
Sac-HGF. 
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2.6. Discussion 
 

 A wound dressing is one of the essential approaches to prevent further harm to 

cutaneous wounds as well as promoting wound healing. Therefore, to achieve an ideal wound 

healing, the development of advanced dressing materials is necessary. In chapter 1, we 

revealed that sacran has potential properties as a biomaterial in a physically crosslinked-HGF 

for wound dressing application. In this chapter, to obtain the more preferable wound healing 

properties of Sac-HGF, we fabricated and characterized novel Sac-HGF containing CyDs.   

The Sac/α-CyD-HGF and Sac/γ-CyD-HGF, but not Sac/β-CyD-HGF, were well 

prepared without surface roughness (Fig. 16A). It can be assumed that the α-CyD and γ-CyD 

provided homogenous surface of Sac-HGFs, however, the β-CyD did not, probably due to the 

high water solubility of α-CyD (14.5%, w/v) and γ-CyD (23.2%, w/v) rather than that of β-

CyD (1.85%, w/v).  

In the preparation of Sac-HGFs, the drying process (60°C for 48 h) played an 

important role in the formation of the in-plane orientation and anisotropy of the HGFs.28) In 

addition, the annealing process (heating at 110°C for 2 h) was thought to introduce the 

crosslinking junctions between the sacran chains. Meanwhile, the thickness of the Sac/α-

CyD-HGF and Sac/γ-CyD-HGF was increased in an α-CyD and γ-CyD concentration-

dependent manner (Fig. 16B and 16C). Taken together, these results suggest that α-CyD and 

γ-CyD may interfere with not only the production of the in-plane orientation and anisotropy 

of sacran, but also with the formation of the crosslinking junctions between sacran molecules, 

resulting in the increasing in the thickness of Sac-HGFs. 

The additives in HGFs often form the hydrogen bonding between molecules during 

the preparation. For example, CyD/hydroxypropylmethylcellulose HGFs possessed the 

hydrogen bonding between hydroxyl groups of the hydroxypropylmethylcellulose and those 

of CyD.70) From the results of the powder XRD analysis, the Sac/α-CyD-HGF showed the 

crystalline peaks, and was different from α-CyD (Fig. 17A). This result may contribute to the 

formation of physically crosslinked-HGF, which arise from noncovalent interactions by 

hydrogen bonding between carboxyl groups of the sacran sugar chains of the HGFs. 

However, further studies to elucidate the interaction between the CyDs and sacran are 

necessary.  

The porous structures of HGFs are known to have great water absorption and 

retaining abilities. Importantly, the Sac/γ-CyD-HGFs possessed the porous structure and high 
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swelling ability (Fig. 19). Recently, Huang et al. synthesized a self-assembly β-CyD/acrylic 

acid/sodium alginate hydrogel with a good three-dimensional network structure because of 

the introduction of β-CyD, resulting in an excellent water absorption and retention 

properties.71) Therefore, the addition of CyDs to hydrogel may enhance the porous structure 

and water absorption ability. Meanwhile, in the preparation of Sac-HGF, sacran forms milli-

scaled orientation domains in aqueous liquid crystalline (LC) state with a high rigid structure 

of sacran chains.28) In general, the liquid crystals are typical soft matter with a mesophase 

between a crystalline solid and an isotropic liquid state of matter. In addition, Yang et al. 

successfully synthesized the CyD-triphenylenes and revealed that the mesomorphic 

properties of CyD-triphenylene derivatives were dependent on the hydroxyl and acyl groups 

of CyD units.72) In this study, the addition of γ-CyD to sacran solutions probably affected the 

LC state of sacran solutions by creating the hydrogen bonding between the hydroxyl group of 

CyD and carboxyl groups of sacran chains. Thereafter, the mixture solutions of γ-CyD and 

sacran were cast on polypropylene plates at 60°C to form in-plane oriented of the Sac/γ-CyD-

HGFs due to the tendency of LC chains in the cooperative orientation effect. Once water was 

removed by heating at 80°C, the crosslinking junctions between sacran chains were interfered 

by the presence of γ-CyD, decreasing the sacran rigidity. The porous structure of Sac/γ-CyD-

HGFs can be obtained after immersing them to the aqueous solution. Furthermore, the 

swelling ratios in the Sac/γ-CyD-HGFs were significantly increased, compared to the Sac-

HGF without γ-CyD. It can be assumed that the rigidity of sacran chains was declined by the 

addition of γ-CyD, leading to the high flexibility to allow more water absorbance and 

formation of three-dimensional network.  

The Sac/γ-CyD-HGF accelerated the wound repair of mice, compared to the Sac-HGF 

(Fig. 22), probably due to the improvement of the Sac-HGFs properties by the addition of γ-

CyD such as porous structure, high swelling ratio, and skin hydration ability. The Sac/γ-CyD-

HGF applied on wound area initiated to absorb the wound exudates and formed hydrogels on 

the contact site. The high absorption occurs strong hydrophilic gel formation, which limits 

wound secretions and minimizes bacterial contamination.73) Importantly, the Sac/γ-CyD-HGF 

had the potential to provide the moisture condition at the contact site of the skin (Fig. 21), 

indicating the acceleration of would repair with high water content and inherent permeability. 

It was found that the fluids losses from wounded skin are 4 to 20 times greater than the 

normal skin.74) Thus, the amelioration of water content and inherent permeability by dressing 

materials contributes to regulate the extensive dehydration as well as building up of exudates 
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and scabs without affecting on the epithelization or cell proliferation processes, as provided 

by the Sac/γ-CyD-HGF. In addition, the Sac/γ-CyD-HGF was likely to provide anti-

inflammatory effects probably due to the high sulfate and carboxyl group content of 

glycosaminoglycans in sacran chains which permits them to interact with a wide range of 

proteins, enzymes, cytokines, chemokines, lipoproteins, and adhesion molecules.75,76) 

However, further studies to elucidate the status of the Sac/γ-CyD-HGF surfaces would be 

necessary, because its application to wound area is suspected to adsorb proteins or other 

components as well.  

In this chapter, γ-CyD improved the skin hydration ability of the Sac-HGFs which is 

correlated to the high porous structure and high swelling ratio of the Sac/γ-CyD-HGF. In 

addition, the enhanced physicochemical properties of Sac/γ-CyD-HGFs may contribute to the 

efficient amelioration of the skin barrier function by sacran and its anti-inflammatory effect. 

Therefore, Sac/γ-CyD-HGF has the potential to promote the wound healing ability of Sac-

HGF (Fig. 23). 

 

 

 

 

 

 

 

 

 

 

 

 

 

       Fig. 23. Effects of Sac/γ-CyD-HGF on Wound Healing Ability 
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2.7. Summary 

 

In this study, to further enhance the wound healing ability of Sac-HGF, we fabricated 

and characterized Sac-HGFs containing CyDs.  

1) The Sac/α-CyD-HGF and Sac/γ-CyD-HGF, but not Sac/β-CyD-HGF, were well 

prepared without surface roughness.   

 

2) The thickness of the Sac/α-CyD-HGF and Sac/γ-CyD-HGF was increased in an α-CyD 

and γ-CyD concentration-dependent manner. 

 

3) Powder XRD pattern of the Sac/γ-CyD-HGF showed a totally amorphous state.  

Meanwhile, the Sac/α-CyD-HGF provided the crystalline peaks.   

 

4) The absence of γ-CyD in the Sac-HGF increased their swelling ratio, porosity, and 

moisture content, compared to that of the Sac-HGF alone.   

 

5) The Sac/γ-CyD-HGF was less cytotoxic in NIH3T3 cells. 

  

6) The Sac/γ-CyD-HGF significantly enhanced the wound healing ability in mice, 

compared to the Sac-HGF alone.   

 

These results suggest that Sac/γ-CyD-HGF has the potential to promote the wound healing 

ability of Sac-HGF. 
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Chapter 3 

Potential use of Sac-HGF containing complex of curcumin with  

2-hydroxypropyl-γ-CyD for wound dressing application 
 

3.1. Introduction 

 

Wound healing is complex and sophisticate physiological responses consisting of the 

four different phases, though the some phases are partially overlying (Fig. 2). However, an 

impaired healing process occurs in chronic wounds with a persistent inflammation, an 

insufficient ECM synthesis and neovascularization. An exceed fabrication of oxygen free 

radicals and other reactive oxygen species (ROS) as secondary products of pro-inflammatory 

mediators causes an impairment of wound healing.67) Therefore, several drugs for wound 

dressing application have been extensively investigated to manage a balance by reducing the 

ROS levels at wound site.  

 Curcumin, a main curcuminoid present in rhizome of Curcuma longa L., has several 

biological activities such as antioxidant, anti-inflammatory, anticoagulant and anti-infection 

effects.36) In addition, curcumin exhibits the scavenging action against the peroxy radicals, 

and inhibits hydrogen peroxide (H2O2)-induced damage to keratinocytes and fibroblasts.77,78) 

However, the therapeutic efficacy of curcumin is limited due to its poor water solubility, 

photosensitivity, poor bioavailability, and extensive first pass metabolism.40,79) Therefore, an 

improvement in solubility and stability of curcumin is urgently required.  

 Cyclodextrins (CyDs), cyclic (α-1,4)-linked oligosaccharides of α-D-glucopyranose, 

have hydrophilic cavity exteriors and hydrophobic cavity interiors, which are responsible for 

complex formation to improve their solubility and stability of drugs.32) Previously, of the 

hydroxypropylated CyDs, 2-hydroxypropyl-γ-CyD (HP-γ-CyD) showed the highest affinity 

to curcumin (association constant: 104 M-1) and improved the water solubility.42,43) In other 

study, the complexation of curcumin with γ-CyD inhibited the photodegradation of 

curcumin.80) However, to apply curcumin to the wound site, the effective delivery system is 

needed. 

The thin HGFs for wound dressing application have the potential for its ability to 

maintain and produce a moist environment around the wound, which is important to 

accelerate the wound healing.55,81) In Chapter 2, we revealed that the highly water soluble of 

α-CyD and γ-CyD provided amorphous and homogenous surface of Sac-HGFs. Therefore, 
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we hypothesized that the Sac-HGF has the potential to deliver water soluble complex of 

curcumin/HP-γ-CyD (Cur/HP-γ-CyD complex) at the wound site. 

Considering these backgrounds, in the present study, we newly prepared water soluble 

of Cur/HP-γ-CyD complex in Sac-HGF, and evaluated their physicochemical properties, 

antioxidant activity, cytotoxicity, and wound healing ability. 
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3.2. Physicochemical characterization of Cur/HP-γ-CyD complex in Sac-HGF 

 

To overcome the poor water solubility and stability of curcumin, we prepared the 

complex of curcumin with HP-γ-CyD.  Briefly, the specific amounts of HP-γ-CyD dissolved 

in methanol and curcumin dissolved in acetone were mixed and evaporated by a rotary 

evaporator (Table 2). Then, we incorporated the Cur/HP-γ-CyD complex into the Sac-HGF 

by a water casting method (Fig. 24A).  As the results, the Cur and Cur/HP-γ-CyD PMX in 

Sac-HGFs were not well formed and showed a rough surface (Fig. 24B). Meanwhile, the 

Cur/HP-γ-CyD complex in Sac-HGF provided a homogenous surface as well as the Sac-HGF 

alone and HP-γ-CyD Sac-HGF. These results suggest that the enhancement of the solubility 

of curcumin by complexation with HP-γ-CyD is important to form the homogenous film. 

To examine whether the Cur/HP-γ-CyD complex in Sac-HGF possesses ideal 

properties as wound dressing materials, we investigated its physicochemical properties. 

Firstly, the thickness of the HGFs was measured by a dial thickness gauge. The thickness of 

the Cur/HP-γ-CyD complex in Sac-HGF was similar to that of the Sac-HGF alone and HP-γ-

CyD in Sac-HGF (Fig. 24C), suggesting that the Cur/HP-γ-CyD complex was well dissolved 

by water casting and homogenously diffused in Sac-HGF. On the other hand, the thickness of 

the Cur and Cur/HP-γ-CyD PMX in Sac-HGFs was significantly higher than that of Sac-HGF 

alone. It is assumed that the solubility of curcumin was improved by the complexation with 

HP-γ-CyD in Sac-HGFs.  

 

Table 2. Preparation of Cur/HP-γ-CyD Complex in Sac-HGF 

 
  

Sac-HGFs Sacran 
(% w/v) 

Curcumin 
(mg) 

HP-γ-CyD 
(mg) 

Distilled water 
(mL) 

Sac  0.5 - - 0.2 

Cur 0.5 0.5 - 0.2 
HP-γ-CyD 0.5 - 4.5 0.2 
Cur/HP-γ-CyD  
PMX 0.5 0.5 4.5 0.2 

Cur/HP-γ-CyD   
Complex 0.5 0.5 4.5 0.2 
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Fig. 24.  Preparation, Appearance, and Thickness of Cur/HP-γ-CyD 
Complex in Sac-HGF 
(A) Preparation method. HP-γ-CyD dissolved in methanol and curcumin dissolved 
in acetone were mixed and evaporated by a rotary evaporator. Then, the Cur/HP-γ-
CyD complex was incorporated into the Sac-HGF by a water casting method. (B) 
Macroscopic observation. (C) Thickness. Each value represents the mean ± S.E. of 
3 experiments. *p<0.05, compared to Sac-HGF. 
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Recently, the amorphous HGFs are gaining interest due to a high thermodynamic 

activity that facilitates the drug diffusion, solubility, and bioavailability.51,52) To analyze 

whether the Sac-HGFs showed an amorphous or crystalline form, we next examined the 

powder XRD patterns of the Sac-HGFs. The powder XRD patterns of the Cur and Cur/HP-γ-

CyD PMX in Sac-HGFs showed some peaks derived from curcumin, suggesting that the 

crystalline state of curcumin still appeared (Fig. 25A). However, the intensity of peaks in the 

Cur/HP-γ-CyD PMX in Sac-HGF was lower than that of the Cur in Sac-HGF. Importantly, 

the powder XRD pattern of the Cur/HP-γ-CyD complex in Sac-HGF as well as the Sac-HGF 

alone and HP-γ-CyD in Sac-HGF showed hallow patterns, indicating the complex formation 

in Sac-HGFs.  

To understand the thermal properties of the Cur/HP-γ-CyD complex in Sac-HGF, we 

examined the DSC thermographs. The endothermic peaks of the Sac-HGFs around 100.0ºC 

derived from dehydration process were observed (Fig. 25B). In addition, the endothermic 

peaks of the Cur and Cur/HP-γ-CyD PMX in Sac-HGFs were observed at 181.2ºC and 

181.1ºC, respectively, indicating the melting point of curcumin. Notably, the melting point of 

curcumin in the DSC thermographs of the Cur/HP-γ-CyD complex in Sac-HGF was 

completely disappeared, indicating the complex formation in Sac-HGF. These results from 

DSC analysis were well consistent with those of XRD analysis. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 25.  Powder XRD Patterns (A) and DSC Thermograms (B) of Cur/HP-
γ-CyD Complex in Sac-HGF 
The experiments were independently performed three times, and representative data are 
shown. 
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To investigate the microscopic appearance of the Sac-HGFs, we next analyzed the 

morphology of the Sac-HGF surfaces by a SEM. The morphology of the Cur in Sac-HGF 

showed the crystalline of curcumin on the surface of Sac-HGF (Fig. 26). The crystalline 

shape of curcumin was also observed in the Cur/HP-γ-CyD PMX in Sac-HGF. In contrast, 

there is no crystalline of curcumin in Cur/HP-γ-CyD complex in Sac-HGF. Taken together, 

the results of XRD, DSC and SEM suggest the preparation of Cur/HP-γ-CyD PMX in Sac-

HGF successfully. 

  

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 26. SEM Analysis of Cur/HP-γ-CyD Complex in Sac-HGF 

The experiments were performed three times, and representative data are shown. 

 

  

Cur/HP-γ-CyD PMX 
 in Sac-HGF 

Sac-HGF Cur in Sac-HGF HP-γ-CyD in Sac-HGF 

Cur/HP-γ-CyD complex  
in Sac-HGF 



	 42	

The swelling ability of the Sac-HGF is necessary to predict the moisturizing effects, 

which is important for accelerating wound healing process by maintaining moist environment 

at the wound.16) To prepare the Cur/HP-γ-CyD complex in Sac-HGF, the Sac-HGF was 

swollen by the water casting. Therefore, we calculated the re-swelling ratio of the Cur/HP-γ-

CyD complex in Sac-HGF after immersing to the water for 6 h by a gravimetric method. As 

the results, the Sac-HGF alone showed potent re-swelling ability. Meanwhile, the Sac-HGFs 

containing HP-γ-CyD lowered the re-swelling ability, compared to Sac-HGF alone, though 

they have still high re-swelling ratio more than 20 (Wt/Wo) (Fig 27A). The excellent 

elasticity and flexibility of the HGFs are also ideal properties for wound dressing materials. 

As shown in Fig. 27B, after immersing the HGFs to the water for 6 h, the Sac-HGFs 

containing HP-γ-CyD showed significantly high elastic modulus, compare to the Sac-HGF 

alone. These results suggest that HP-γ-CyD had an important role for increasing the elastic 

modulus properties of the HGFs. 
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Fig. 27.  Re-swelling Ratio and Elastic Modulus of Cur/HP-γ-CyD Complex 
in Sac-HGF 
(A) The re-swelling ratios of Cur/HP-γ-CyD complex in Sac-HGF. The HGFs (1.5 x 
1.5 cm2) were immersed into water and weighted (Wt) at 6 h. The swelling ratios 
were determined by comparing Wt and initial weight (Wo). (B) The elastic modulus. 
The elastic modulus of HGFs was obtained after re-swelling the HGFs for 6 h. Each 
value represents the mean ± S.E. of 3-4 experiments. *p<0.05, compared to Sac-
HGF. 
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3.3. Stability study of Cur/HP-γ-CyD complex in Sac-HGF 

 

The complexation of drugs with CyDs has been used to enhance the drug stability in 

pharmaceutical fields. Curcumin is a bioactive compound that has powerful antioxidant 

activity and anti-inflammatory properties. However, curcumin is unstable under the photo 

irradiation.80) Therefore, we next examined the stability of the Cur/HP-γ-CyD complex in 

Sac-HGF by powder XRD patterns and the DSC thermographs after photoirradiation (1200-

1600 lux) for 14 days (Fig. 28). From the XRD analysis, the Cur/HP-γ-CyD complex in Sac-

HGF showed the hallow pattern after the photo irradiation, suggesting that Cur/HP-γ-CyD 

complex was maintained (Fig 28A).  In addition, the DSC thermographs of the Cur/HP-γ-

CyD complex in Sac-HGF did not show the peak derived from a melting point of curcumin 

after the photo irradiation (Fig 28B). On the other hand, the crystallinity degree of the Cur 

and Cur/HP-γ-CyD PMX in Sac-HGFs after the photo irradiation was augmented, compared 

to that of the initial day (Fig 25A), indicating the crystalline growth of curcumin. Taken 

together, Cur/HP-γ-CyD complex was stable in the Sac-HGF after photo irradiation at least 

for 14 days. 

 

 

 

 

 

 

 

 

 

 
 

Fig. 28. Stability Study of Cur/HP-γ-CyD Complex in Sac-HGF after Storage 
for 14 Days under Light Intensity 1200-1600 Lux 
(A) XRD patterns. (B) DSC thermographs. The experiments were performed three 
times, and representative data are shown.  
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3.4. Antioxidant activity of Cur/HP-γ-CyD complex in Sac-HGF 

 

Antioxidant activity is one of the essential biochemical effects of curcumin to 

accelerate wound healing by modulating ROS activity at the wound site.82,83) Firstly, to 

examine whether the antioxidant activity of curcumin can be retained during the preparation 

of Sac-HGFs, we extracted the curcumin from the Sac-HGFs, and determined its antioxidant 

activity by the DPPH assay. As shown in Fig. 29A, Sac-HGFs containing curcumin, but not 

in Sac-HGF or HP-γ-CyD in Sac-HGF, showed the DPPH free radical scavenging activity, 

comparable to curcumin alone (>90%). These results suggest that the curcumin in Sac-HGFs 

retained the antioxidant activity of curcumin during their preparation procedures.  

Excessive ROS such as H2O2 and superoxide (O2
-) result in the oxidative damage, 

leading to the main cause of inflammation during wound healing process.18) To reveal the 

antioxidant activity of the Cur/HP-γ-CyD complex in Sac-HGF, we evaluated the cell 

viability of NIH3T3 cells treated with H2O2, as a marker of oxidative stress, by the WST-1 

method (Fig. 29B). The treatment with H2O2 alone provided potent cytotoxicity in NIH3T3 

cells due to the oxidative damage. Meanwhile, the cytotoxic effect induced by H2O2 was 

completely diminished in the presence of Cur/HP-γ-CyD complex in Sac-HGF. In addition, 

the Cur/HP-γ-CyD complex in Sac-HGF significantly improved the cell viability, compared 

to the Cur in Sac-HGF, probably due to the solubilizing effect of HP-γ-CyD on curcumin. 

These results indicate that the Cur/HP-γ-CyD complex in Sac-HGF showed great antioxidant 

activity. 
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Fig. 29. Antioxidant Activity of Cur/HP-γ-CyD Complex in Sac-HGF 
(A) Antioxidant activity was evaluated by the DPPH free radical scavenging 
activity. Each value represents the mean ± S.E. of 3-4 experiments. *p<0.05, 
compared to Cur alone. (B) Effects of H2O2 oxidative stress on cell viability in 
NIH3T3 cells after treatment with Cur/HP-γ-CyD complex in Sac-HGF. Each 
value represents the mean ± S.E. of 3-4 experiments. *p<0.05, compared to H2O2. 
†p<0.05, compared to Cur in Sac-HGF. 
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3.5. Cytotoxic activity of Cur/HP-γ-CyD complex in Sac-HGF 

 

The negligible cytotoxicity of wound dressing biomaterial is expected for the safety 

application. Therefore, we next investigated the cytotoxicity of Cur/HP-γ-CyD complex in 

Sac-HGF to NIH3T3 cells by the WST-1 method. The Cur/HP-γ-CyD complex in Sac-HGF 

did not show any cytotoxicity to NIH3T3 cells (Fig. 30). These results suggest that the 

Cur/HP-γ-CyD complex in Sac-HGF can be used safely for wound dressing application. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 30.  Effect of Cur/HP-γ-CyD Complex in Sac-HGF on Cell Viability of 

NIH3T3 Cells 
NIH3T3 cells were incubated with the samples for 1 h.  Then, the cell viability 
was determined by the WST-1 method. Each value represents the mean ± S.E. of 
3 experiments. 
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3.6. In vitro release study of curcumin from Cur/HP-γ-CyD complex in Sac-HGF 

 
In vitro release study of curcumin from the Sac-HGFs is necessary to evaluate the 

wound healing efficacy. Therefore, we examined the curcumin release from the Sac-HGF by 

immersing in PBS. The curcumin released in aliquot at certain time was determined by a 

spectrophotometer. As the results, the curcumin could not be detected in the sample of the 

Cur in Sac-HGF due to poor solubility in PBS (Fig. 31). On the other hand, the Cur/HP-γ-

CyD complex in Sac-HGF significantly increased the curcumin release, compared to the 

Cur/HP-γ-CyD PMX in Sac-HGF, suggesting the enhancement of water solubility of 

curcumin by the complex formation with HP-γ-CyD. In addition, the release profiles of the 

Cur/HP-γ-CyD complex in Sac-HGF showed a biphasic curve which contains the initial 

release in the first 24 h (49.69 ± 3.74%), followed by a gradual release until 120 h (69.40 ± 

5.16%). To understand the kinetics of the release of curcumin from the Sac-HGFs in the first 

24 h, we next analyzed by the Higuchi’s model. The correlation coefficient (r) of the Cur/HP-

γ-CyD complex in Sac-HGF was 0.98 (Table 3), suggesting that the release type of curcumin 

from the Cur/HP-γ-CyD complex in Sac-HGF was matrix-type based on a Fickian diffusion. 

Furthermore, the slope of the Cur/HP-γ-CyD complex in Sac-HGF was almost 5 times higher 

than that of the Cur/HP-γ-CyD PMX in Sac-HGF, indicating the enhanced release rate of 

curcumin by the complexation with HP-γ-CyD. These results suggest that the Cur/HP-γ-CyD 

complex in Sac-HGF can enhance the release of curcumin from the Sac-HGF. 
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Table 3. Higuchi Regression Parameter of Release 
Percentage of Drugs versus Square Root of Time Curves 
for Release of Curcumin from Cur/HP-γ-CyD Complex in 
Sac-HGF in PBS (pH 7.4) in 24 h 

 

 

 
 
 
 
 

Each value represents the mean ± S.E. of 3 experiments.  
*p<0.05, compared to Cur/HP-γ-CyD PMX. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 31. In Vitro Release Profiles of Curcumin from Cur/HP-γ-CyD Complex in 

Sac-HGF in PBS for 120 h 
The HGFs were immersed in PBS and incubated at 37°C with mild shaking. An aliquot 
was withdrawn from the dissolution medium and replaced with the same volume of the 
fresh PBS at selected interval time. Curcumin concentration was determined by a 
spectrophotometer. Each point represents the mean ± S.E. of 3 experiments. *p<0.05, 
compared to Cur/HP-γ-CyD PMX in Sac-HGF. 
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3.7. In vivo wound healing study of Cur/HP-γ-CyD complex in Sac-HGF 

 

To clarify the effect of the Cur/HP-γ-CyD complex in Sac-HGF on wound healing 

activity, we performed the in vivo wound closure study in full-thickness excisional wounds of 

hairless mice. After application of the Sac-HGFs at the wound site on the initial day (Fig. 32),  

the Cur/HP-γ-CyD complex in Sac-HGF and the Cur/HP-γ-CyD PMX in Sac-HGF 

significantly accelerated the healing on day 3, and 7, compared to control (without treatment) 

and the Cur in Sac-HGF, suggesting that not only the anti-inflammatory effect of sacran but 

also the presence of HP-γ-CyD promoted the wound healing ability. Notably, at day 7, the 

Cur in Sac-HGF considerably improved the wound closure compared to control, indicating 

that the existence of curcumin in Sac-HGF accelerated the healing. The wound healing ability 

of the Cur/HP-γ-CyD complex in Sac-HGF, the Cur/HP-γ-CyD PMX in Sac-HGF, and Cur in 

Sac-HGF is consistent with the results of the in vitro curcumin release study, which the 

release rate of curcumin was increased in the order of the Cur in Sac-HGF < Cur/HP-γ-CyD 

PMX in Sac-HGF < Cur/HP-γ-CyD complex in Sac-HGF. Importantly, the wound closure of 

Cur/HP-γ-CyD complex in Sac-HGF was significantly higher than that of other samples on 

day 14, suggesting that the combination between the Cur/HP-γ-CyD complex and Sac-HGF 

increased the wound healing efficacy. Collectively, the Sac-HGF tended to be more effective 

as wound dressing material for the Cur/HP-γ-CyD complex than other samples. 
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Fig. 32. In Vivo Wound Healing Study of Cur/HP-γ-CyD Complex in Sac-

HGF 
(A) Representative images of wounds of four test groups. (B) Wound closure of 
the Cur/HP-γ-CyD complex in Sac-HGF. The Sac-HGFs were applied precisely 
on the wound site, and the ImageJ software was used to analyze the wound areas. 
Each value represents the mean ± S.E. of 5 experiments. *p<0.05, compared to 
control. †p<0.05, compared to Cur in Sac-HGF. #p<0.05, compared to Cur/HP-γ-
CyD PMX in Sac-HGF. 
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3.8. Discussion 

 

 Curcumin is one of the promising agents to accelerate the wound healing ability. 

However, the efficacy of curcumin is limited due to its poor water solubility and stability. To 

enhance the solubility and stability of curcumin, HP-γ-CyD can be used because it can 

encapsulate curcumin as a guest molecule. In previous chapters, we revealed that sacran has 

the potential to form a HGF as a wound dressing material. Therefore, in this chapter, we 

investigated the potential of Sac-HGF to deliver water soluble complex of Cur/HP-γ-CyD at 

the wound site.  

In the chapter 2, we revealed that the formation of homogenous and amorphous 

Sac/CyD-HGFs was affected by water solubility of CyDs (Figs. 16 and 17). Therefore, to 

deliver curcumin in the Sac-HGF at the wound site, the enhancement of water solubility of 

curcumin should be necessary. Recently, Mohan et al. reported the complex formation of 

curcumin with HP-α-CyD, HP-β-CyD, and HP-γ-CyD by fourier transform raman 

spectroscopy, and showed that the complex formation efficiency of HP-CyDs was increased 

in the order of HP-β-CyD < HP-α-CyD < HP-γ-CyD.42) In other studies, Cur/HP-γ-CyD 

complex solution showed an increase of 104-fold water solubility, compared to curcumin 

solution without HP-γ-CyD.43) Dhule et al. reported that Cur/HP-γ-CyD complex in 

liposomes shows promising anticancer potential, due to enhance water solubility of curcumin, 

thereby increasing its circulation time and bioavailability.84) Consequently, in this study, we 

selected HP-γ-CyD with the highest complex formation efficiency to increase water solubility 

of curcumin.  

In the preparation method of the Cur, Cur/HP-γ-CyD PMX, and Cur/HP-γ-CyD 

complex in Sac-HGFs, the introduction of water by casting method to the Cur, Cur/HP-γ-

CyD PMX, and Cur/HP-γ-CyD complex on the surface Sac-HGFs was important process. 

The presence of water led to dissolve the Cur, Cur/HP-γ-CyD PMX, and Cur/HP-γ-CyD 

complex and penetrated inside the Sac-HGF through its porosity. As shown in Figs. 24 and 

25, the appearances, powder XRD patterns and DSC thermograms studies revealed that the 

Cur and Cur/HP-γ-CyD PMX in Sac-HGFs were not well fabricated with a rough surface and 

showed a crystallinity derived from curcumin. It is suggested that the Cur and Cur/HP-γ-CyD 

PMX did not have enough hydrophilicity to interact with the sacran sugar chain. Notably, the 

intensity of curcumin peaks in the Cur/HP-γ-CyD PMX in Sac-HGF was lower than that of 

the Cur in Sac-HGF, indicating that the physical interaction probably occurred in the Cur/HP-



	 53	

γ-CyD PMX in Sac-HGF. It can be assumed that a small amount of curcumin forming a 

water soluble complex with HP-γ-CyD by the casting method. In contrast, the Cur/HP-γ-CyD 

complex in Sac-HGF was well prepared with a homogenous surface and amorphous form. It 

is presumed that HP-γ-CyD encapsulated curcumin as a guest molecule and the hydroxyl 

groups of HP-γ-CyD may interact with carboxyl groups of sacran chain to form the hydrogen 

bonding. In addition, the SEM analysis also supported the amorphous formation of Cur/HP-γ-

CyD complex in Sac-HGF without any sign of curcumin crystallinity (Fig. 26). These results 

suggested that Cur/HP-γ-CyD complex in Sac-HGF has a high thermodynamic activity and 

suitable for wound dressing application. 

HP-γ-CyD has two major roles in the formulation of Cur/HP-γ-CyD complex in Sac-

HGF. Firstly, the presence of HP-γ-CyD had an important role for increasing the elastic 

modulus properties of Cur/HP-γ-CyD complex in Sac-HGF with a high re-swelling ratio (Fig. 

27). Recently, Miro et al. reported that HP-β-CyD strongly increased modulus and decreased 

elongation at break in poly(ethylene oxide) (PEO) films. This can be interpreted that HP-β-

CyD interacted with PEO through the formation of hydrogen bonds.85) In this study, the 

hydroxyl groups of HP-γ-CyD probably form hydrogen bonds with sacran molecules, 

resulting in the development of physical networks, which reduces molecular mobility and 

enhances the resistance to deformation. Secondly, the stability (Fig. 28), antioxidant activity 

(Fig. 29), and in vitro release profiles (Fig. 30) of curcumin were increased by complexation 

of curcumin with HP-γ-CyD. It can be assumed that encapsulation of curcumin by HP-γ-CyD 

was successfully formed to improve the curcumin stability. Additionally, the water solubility 

of Cur/HP-γ-CyD complex played significant role to increase the antioxidant activity and in 

vitro release of curcumin from Sac-HGF. Taken together, HP-γ-CyD provided the ideal 

properties of Cur/HP-γ-CyD complex in Sac-HGF as wound dressing material.  

As shown in Fig. 32, the results of in vivo wound healing study demonstrated that the 

Cur/HP-γ-CyD complex in Sac-HGF and the Cur/HP-γ-CyD PMX in Sac-HGF considerably 

enhanced the wound healing on day 3, and 7, compared to control (without treatment) and the 

Cur in Sac-HGF. It is assumed that the roles of HP-γ-CyD in Sac-HGF potentially enhanced 

the wound healing ability of curcumin in the Cur/HP-γ-CyD complex in Sac-HGF and the 

Cur/HP-γ-CyD PMX in Sac-HGF. In addition, the Cur/HP-γ-CyD complex in Sac-HGF 

tended to be more efficient in healing than the Cur/HP-γ-CyD PMX in Sac-HGF, probably 

due to the formation of hydrogen bonding between HP-γ-CyD and sacran chain in the 
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Cur/HP-γ-CyD complex in Sac-HGF. Meanwhile, the physical interaction may also occur 

between curcumin and sacran in the Cur in Sac-HGF. Actually, Patra et al. reported that the 

hydroxyl groups of O-nitrophenol interacted with the carbonyl and hydroxyl groups of the 

curcumin through hydrogen bondings.86) However, further studies to elucidate the interaction 

not only between HP-γ-CyD and sacran, but also between curcumin and sacran are necessary. 

Additionally, on day 7, the Cur in Sac-HGF significantly improved wound closure, compared 

to control, suggesting that the anti-inflammatory effect of sacran and antioxidant activity of 

curcumin played important roles in the inflammatory phase, which is occurred in first week 

after wounding. It was found that the production of oxygen free radicals and other reactive 

oxygen species (ROS) like H2O2 plays a crucial role in impaired wound healing.87) 

Importantly, the in vivo wound healing study on day 14 revealed that the Cur/HP-γ-CyD 

complex in Sac-HGF drastically accelerated the wound healing than other samples. These 

results suggested that the Sac-HGF tended to be more effective as wound dressing material 

for the Cur/HP-γ-CyD complex than other samples due to their hydrophilicity. 

In this chapter, we newly prepared the Cur/HP-γ-CyD complex in Sac-HGF with 

homogenous and amorphous HGF. HP-γ-CyD had an important role not only to increase the 

elastic modulus of the Sac-HGF with high re-swelling ability, but also to enhance the 

stability, antioxidant activity, and in vitro release profiles of curcumin by complexation of 

curcumin and HP-γ-CyD. The re-swelling ability of the Cur/HP-γ-CyD complex in Sac-HGF 

initiates to absorb the wound exudates and forms hydrogels on the wound site. The HGFs 

system in the Cur/HP-γ-CyD complex in Sac-HGF probably has ability to minimize the 

bacterial contamination. Strikingly, the in vivo wound healing study showed the highest 

wound healing ability of the Cur/HP-γ-CyD complex in Sac-HGF in hairless mice than other 

samples, indicating that the Sac-HGF has the potential to deliver water soluble complex of 

Cur/HP-γ-CyD at the wound site (Fig. 33).  
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Fig. 33. Potential Use of Cur/HP-γ-CyD Complex in Sac-HGF for Wound 

Dressing Application  
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3.9. Summary 

 

In this study, we newly prepared the Cur/HP-γ-CyD complex in Sac-HGF, and 

evaluated their physicochemical properties, antioxidant activity, cytotoxicity, and in vivo 

wound healing ability. 

 

1) The Cur/HP-γ-CyD complex in Sac-HGF was successfully prepared without surface 

roughness. Meanwhile, the Cur/HP-γ-CyD PMX in Sac-HGF formed inhomogeneous 

films due to crystallization of curcumin. 

 

2) The powder X-ray diffraction patterns and differential scanning calorimetry 

thermograms showed the amorphous form in the Cur/HP-γ-CyD complex in Sac-HGF.  

 

3) HP-γ-CyD had an important role to increase the elastic modulus of the Sac-HGF with 

high re-swelling ability.  

 

4) The Cur/HP-γ-CyD complex in Sac-HGF maintained antioxidant properties of curcumin.   

 

5) Curcumin was gradually released from the HP-γ-CyD complex in Sac-HGF, but not from 

the Cur and Cur/HP-γ-CyD PMX, in Sac-HGFs.  

 

6) The Cur/HP-γ-CyD complex in Sac-HGF provided the highest wound healing ability in 

hairless mice, compared to that of other samples. 

 

 

Taken together, these results suggest that the Sac-HGF has the potential to deliver 

water soluble complex of Cur/HP-γ-CyD at the wound site and promote the wound healing 

ability. 
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Conclusion 

 

A wound dressing is one of the essential approaches to prevent further harm to 

cutaneous wounds as well as to promote wound healing. Therefore, to achieve an ideal 

wound healing, the development of advanced dressing materials is necessary. In this study, to 

develop and characterize Sac-HGFs for wound dressing materials, we prepared a physically 

crosslinked-Sac-HGFs, and evaluated their physicochemical properties, cytotoxicity, skin 

hydration and wound healing ability. Additionally, to ameliorate the physicochemical 

properties of the Sac-HGFs, we next prepared physically crosslinked Sac-HGFs containing 

CyDs, and examined the potentials as wound healing materials. Finally, we encapsulated 

curcumin, as a model drug for wound healing, into Sac-HGFs by complexation with HP-γ-

CyD, and investigated their potential for wound dressing application. The overall findings are 

summarized as follows: 

 

Chapter 1. Effects of Sac-HGF on wound healing ability 

1) We successfully fabricated a physically crosslinked-Sac-HGF by a solvent-casting 

method.   

2) The thickness of the Sac-HGF was lower than that of the Na-Alg-HGF.  

3) The powder XRD analysis of Sac-HGF and Na-Alg-HGF showed amorphous patterns.  

4) The swelling ratio of the Sac-HGF in water at 24 h was 19-fold, compared to that of at 

onset time. Meanwhile, the Na-Alg-HGF was completely broken apart after rehydration.   

5) The Sac-HGF had a porous structure, which is consistent with the swelling ratios. 

6) The Sac-HGF did not show any cytotoxicity in NIH3T3 cells. 

7) The in vivo skin hydration study revealed that a Sac-HGF significantly increased the 

moisture content on hairless mice skin. 

8) The Sac-HGF, which was applied on wound site, considerably improved wound healing 

ability, compared to control (non-treated).  

 

Chapter 2. Effects of Sac/CyD-HGFs on wound healing ability 

1) The Sac/α-CyD-HGF and Sac/γ-CyD-HGF, but not Sac/β-CyD-HGF, were well prepared 

without surface roughness.   

2) The thickness of the Sac/α-CyD-HGF and Sac/γ-CyD-HGF was increased in an α-CyD 

and γ-CyD concentration-dependent manner. 
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3) Powder XRD pattern of the Sac/γ-CyD-HGF showed a totally amorphous state.  

Meanwhile, the Sac/α-CyD-HGF provided the crystalline peaks.   

4) The absence of γ-CyD in the Sac-HGF increased their swelling ratio, porosity, and 

moisture content, compared to that of the Sac-HGF alone.   

5) The Sac/γ-CyD-HGF was less cytotoxic in NIH3T3 cells. 

6) The Sac/γ-CyD-HGF significantly enhanced the wound healing ability in mice, compared 

to the Sac-HGF alone.   

 

Chapter 3. Potential use of Sac-HGF containing complex of Cur with HP-γ-CyD for 

wound dressing application 

1) The Cur/HP-γ-CyD complex in Sac-HGF was successfully prepared without surface 

roughness. Meanwhile, the Cur/HP-γ-CyD PMX in Sac-HGF formed inhomogeneous 

films due to crystallization of curcumin. 

2) The powder XRD patterns and DSC thermograms showed the amorphous form in the 

Cur/HP-γ-CyD complex in Sac-HGF.  

3) HP-γ-CyD had an important role to increase the elastic modulus of the Sac-HGF with 

high re-swelling ability.  

4) The Cur/HP-γ-CyD complex in Sac-HGF maintained antioxidant properties of curcumin.   

5) Curcumin was gradually released from the HP-γ-CyD complex in Sac-HGF, but not from 

the Cur and Cur/HP-γ-CyD PMX, in Sac-HGFs.  

6) The Cur/HP-γ-CyD complex in Sac-HGF provided the highest wound healing ability in 

hairless mice, compared to that of other samples. 

 

Based on the results mentioned above, it can be concluded that Sac-HGF has the 

potential properties for wound dressing application, due to not only the moisturizing effect 

but also the anti-inflammatory effect of sacran. Additionally, the characterization studies of 

Sac/CyD-HGFs suggested that the formation of homogenous and amorphous Sac/CyD-HGFs 

was affected by water solubility of CyDs. Notably, the presence of γ-CyD in Sac-HGF 

significantly improved the physicochemical properties of Sac-HGF. In addition, the Sac/γ-

CyD-HGF markedly improved wound healing in mice, compared to that achieved with the 

Sac-HGF without γ-CyD. Furthermore, the Sac-HGF has the potential to deliver water 

soluble complex of Cur/HP-γ-CyD at the wound site and promote the wound healing ability. 

These findings may be useful information for preparation of wound dressing materials using 

sacran, CyDs and drugs.   
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Materials and methods 
 

1. Materials 

 

Sacran was kindly donated by Green Science Material (Kumamoto, Japan). Sodium 

alginate (80-120 cP) was purchased from Wako Pure Chemical Industries (Osaka, Japan) 

while α-CyD, β-CyD, γ-CyD, and HP-γ-CyD (degree of substitution of hydroxy groups of 

6.4) were kindly gifted from Nihon Shokuhin Kako (Tokyo, Japan). NIH3T3 cells, a murine 

fibroblast cell line, were obtained from Riken Bioresource Center (Tsukuba, Japan). 

Curcumin was purchased from Wako Pure Chemical Industries (Osaka, Japan). Fetal bovine 

serum (FBS) and Dulbecco’s modified Eagle’s medium (DMEM) were purchased from 

Nichirei (Tokyo, Japan) and Nissui Pharmaceuticals (Tokyo, Japan), respectively. 

 

2. Preparation of HGFs 

 

2.1. Preparation of Sac-HGF 

 

The Sac-HGF was prepared by a solvent-casting method referred to Okajima et al.28)  

Briefly, sacran (0.5% (w/v), 250 mg) was added to 50 mL of distilled water.  Then, the sacran 

solutions were placed for 24 h at 80°C. Then, sacran solutions were poured into the 

polypropylene boxes (5 × 5 × 4 cm3) and dried for 48 h at 60°C (EYELA SLI-600ND, 

Tokyo, Japan). After forming the films, they were heated for 2 h at 110°C (EYELA NDO-

401, Tokyo, Japan) to obtain the Sac-HGF. The Na-Alg-HGF (0.5% (w/v), 250 mg) was also 

prepared as comparison with the same protocol. 

 

2.2. Preparation of Sac/CyD-HGFs 

 

The Sac/CyD-HGFs were fabricated using the same method with preparation of the 

Sac-HGF. Briefly, sacran and various concentrations of α-CyD ((2.5 mM, 121.6 mg), (5 mM, 

243.2 mg), and (7.5 mM, 364.8 mg)), β-CyD ((2.5 mM, 141.9 mg), (5 mM, 283.7 mg), and 

(7.5 mM, 425.6 mg)), and γ-CyD ((2.5 mM, 162.1 mg), (5 mM, 324.2 mg), and (7.5 mM, 

486.4 mg)) were mixed and dissolved in 50 mL of distilled water.  The Sac/CyD solutions 

were kept for 24 h at 80°C, and then placed in polypropylene boxes (5 × 5 × 4 cm3) and dried 
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for 48 h at 60°C; thereafter, the dried films were heated at 110°C for 2 h (EYELA SLI-

600ND, Tokyo, Japan) to obtain the Sac/CyD-HGFs.   

 

2.3. Preparation of Cur/HP-γ-CyD complex in Sac-HGF 

 

The complex of HP-γ-CyD with curcumin was fabricated following the method 

reported by Singh et al.88) Briefly, HP-γ-CyD (1.67 g) was dissolved in 50 mL of methanol 

and stirred at room temperature.  Then, curcumin (0.18 g) was dissolved in 50 mL of acetone 

and added to the solution in 200 mL eggplant-shaped flask.  Here the molar ratio of HP-γ-

CyD and curcumin was 2:1. The organic solvents were evaporated by a rotary evaporator 

with water bath at 40°C for 20 min. Then, the Cur/HP-γ-CyD complex was obtained.  

The preparation method of the Sac-HGF was the same as previously described, 

except, the heating temperature was 80°C (ETTAS OF-300B, Tokyo, Japan). The Sac-HGF 

(1.5 × 1.5 cm2) was placed in Tissue-Tek Cryomold® (Sakura Finetek, Tokyo, Japan) as 

shown in Fig. 24A. Then, 5 mg of the Cur/HP-γ-CyD complex (equivalent to 0.5 mg of 

curcumin and 4.5 mg of HP-γ-CyD) was placed and casted by 0.2 mL of distilled water on 

the surface of the Sac-HGF. Then, the Sac-HGF was swollen for 24 h at 4°C with light 

protection and dried for 4 h at 37°C to obtain the Cur/HP-γ-CyD complex in Sac-HGF. The 

Sac-HGF, Cur in Sac-HGF, HP-γ-CyD in Sac-HGF and Cur/HP-γ-CyD PMX in Sac-HGF 

were also prepared with the same protocol (Table 2). 

 

3. Characterization of HGFs  

 

3.1. Thickness  

 

Thickness of hydrogel film was measured by a dial thickness apparatus (Teclock, 

Nagano, Japan) on three different surface areas of the Sac-HGF, Na-Alg-HGF, Sac/CyD-

HGFs, Cur/HP-γ-CyD complex in Sac-HGF, Cur in Sac-HGF, HP-γ-CyD in Sac-HGF and 

Cur/HP-γ-CyD PMX in Sac-HGF. 
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3.2. Powder X-ray diffractometric analysis 

 

 The Sac-HGF, Na-Alg-HGF, Sac/CyD-HGFs, Cur/HP-γ-CyD complex in Sac-HGF, 

Cur in Sac-HGF, HP-γ-CyD in Sac-HGF and Cur/HP-γ-CyD PMX in Sac-HGF (2.5 × 2.5 

mm2) were placed on a sample holder of powder X-ray diffractometer (Rigaku Ultima IV, 

Tokyo, Japan).  X-ray diffraction patterns were obtained under the conditions with a Ni 

filtered Cu-Kα radiation, a voltage of 40 kV, a current of 20 mA, a divergent slit of 10 mm 

(0.5°), a scanning speed of 5°/min, opened scattering and receiving slits. 

 

3.3. Differential scanning calorimetry (DSC) 

 

The DSC analysis was carried out using Auto Q20 (TA Instruments, Tokyo, Japan).  

The Sac-HGF, Na-Alg-HGF, Sac/CyD-HGFs, Cur/HP-γ-CyD complex in Sac-HGF, Cur in 

Sac-HGF, HP-γ-CyD in Sac-HGF and Cur/HP-γ-CyD PMX in Sac-HGF (5 mg) were heated 

in an aluminum pan at a heating rate of 10°C/min from 40 to 300°C under nitrogen 

atmosphere. 

 

3.4. Swelling ratio 

 

The Sac-HGF, Na-Alg-HGF, Sac/CyD-HGFs, Cur/HP-γ-CyD complex in Sac-HGF, 

Cur in Sac-HGF, HP-γ-CyD in Sac-HGF and Cur/HP-γ-CyD PMX in Sac-HGF (1.5 × 1.5 

cm2) were immersed in distilled water for 24 h and weighted (Wt) at room temperature.  The 

swelling ratio of the HGFs was determined by a gravimetric method.89)  It was measured by 

comparing Wt and initial weight (Wo), and calculated from the following equation; swelling 

ratio  = (Wt−Wo)/Wo.90) 

 

3.5. Determination of re-swelling ratio and elastic modulus 

 

The Cur/HP-γ-CyD complex in Sac-HGF, Cur in Sac-HGF, HP-γ-CyD in Sac-HGF and 

Cur/HP-γ-CyD PMX in Sac-HGF (1.5 × 1.5 cm2) were weighed (Wt) after immersion in 

distilled water for 6 h.  A gravimetric technique was used to measure the re-swelling ratio of 

the HGFs as previously described in the determination method of swelling ratio. The elastic 

modulus of the swollen Cur/HP-γ-CyD complex in Sac-HGF, Cur in Sac-HGF, HP-γ-CyD in 
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Sac-HGF and Cur/HP-γ-CyD PMX in Sac-HGF was analyzed by EZ Universal Testing 

Machine (Shimadzu, Tokyo, Japan). 

 

3.6. Scanning electron microscope (SEM) 

 

3.6.1. SEM of Sac-HGF and Sac/CyD-HGFs 

 

The Sac-HGF and Sac/CyD-HGFs (1.5 × 1.5 cm2) were immersed for 1 h and 

lyophilized for 24 h. The specimens of the dried sample were fixed on aluminum stubs and 

coated with gold for 10 sec (30 mM, 8 Pa) by the JFC-1200 Fine Coater (JOEL, Tokyo, 

Japan).  The cross section of hydrogel film was analyzed by a SEM (JSM-5800, JOEL, 

Tokyo, Japan). Percentage of porosity was analyzed and calculated by ImageJ software.  

 

3.6.1. SEM of Cur/HP-γ-CyD complex in Sac-HGF 

 

The Sac-HGF, Cur/HP-γ-CyD complex in Sac-HGF, Cur in Sac-HGF, HP-γ-CyD in 

Sac-HGF and Cur/HP-γ-CyD PMX in Sac-HGF were coated with gold for 10 s using the 

JFC-1200 Fine Coater (JOEL, Tokyo, Japan).  The surface of the HGFs was analyzed using 

scanning electron microscopy (SEM) with a JSM-5800 SEM (JOEL, Tokyo, Japan). 

 

4. Cytotoxicity of HGFs 

 

The effects of the Sac-HGF, Na-Alg-HGF, Sac/CyD-HGFs, Cur/HP-γ-CyD complex in 

Sac-HGF, Cur in Sac-HGF, HP-γ-CyD in Sac-HGF and Cur/HP-γ-CyD PMX in Sac-HGF on 

cell viability were determined as reported previously.91) Briefly, NIH3T3 cells (1 × 105 

cells/well) in 24-well microplate were treated with HGFs (2.5 × 2.5 mm2) for 4 h. After 

washing twice with HBSS (pH 7.4), 270 µL of fresh HBSS and 30 µL of WST-1 reagent 

were added to the plates and incubated at 37°C for 30 min. The absorbance of the solution 

was measured at 450 nm, with referring absorbance at 655 nm, with a Bio-Rad Model 550 

microplate reader (Bio-Rad Laboratories, Tokyo, Japan). 
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5. Antioxidant activity of Cur/HP-γ-CyD complex in Sac-HGF 

 

The antioxidant activity of the Sac-HGF, Sac/CyD-HGFs, Cur/HP-γ-CyD complex in 

Sac-HGF, Cur in Sac-HGF, HP-γ-CyD in Sac-HGF and Cur/HP-γ-CyD PMX in Sac-HGF 

was investigated by 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay and H2O2 oxidative stress 

induction methods. For the DPPH assay, Sac-HGFs (0.5 × 0.5 cm2) were added to DPPH 

methanol solution (25 µM) and kept at room temperature for 30 min in the dark.  Then, the 

absorbance (ABS) at 517 nm was measured against blank. The percentage of antioxidant 

activity was estimated according to the following equation: antioxidant activity (%) = 

[(ABSDPPH – ABSsample)/ABSDPPH] × 100.  Meanwhile, in the H2O2 oxidative stress induction 

method, NIH3T3 cells (1 × 105 cells/dish) in 24-well microplate were treated with the Sac-

HGFs (2.5 × 2.5 mm2) and H2O2 (500 ppm) for 2 h.  Then, the cell viability was measured by 

the WST-1 method. The cells were also treated by only H2O2 without the Sac-HGFs as 

comparison.83) 

 

6. In Vitro release study of Cur/HP-γ-CyD complex in Sac-HGF 

 

The Cur, Cur/HP-γ-CyD PMX and Cur/HP-γ-CyD complex in Sac-HGFs were 

immersed in 5 mL of PBS (pH 7.4) and incubated at 37°C with mild shaking (100 rpm). An 

aliquot (1 mL) was withdrawn from the dissolution medium and replaced with the same 

volume of the fresh PBS at selected interval time. The aliquots were analyzed by a 

spectrophotometer (Jasco V-630, Tokyo, Japan) at 420 nm. The release kinetics of curcumin 

from the Sac-HGFs was evaluated according to Higuchi’s model.92) 

 

7. In Vivo studies 

All of the following the animal research studies were approved by the Ethics 

Committee for Animal Care and Use of Kumamoto University (Ethical Approval Number: 

25-203). 

 

7.1. Skin hydration study of Sac-HGF and Na-Alg-HGF 

 

The skin hydration study was performed as reported by Yamamoto et al.93)  Briefly, the 

Sac-HGF and Na-Alg-HGF (1.5 × 1.5 cm2) were immersed into distilled water for 1 h. The 
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hairless mice (Hos: HR-1, 9-10 weeks old, SLC (Shizuoka, Japan)) were divided into two 

groups for control (non-treated) and sacran treatment.  For the sacran treatment group mice, 

the left and right sites of the dorsal mice skins were applied with a swollen sacran hydrogel 

film. Then, the skins were wrapped with adhesive bandages (3M Nexcare First Aid Coban, 

Self-adhering Wrap).  Skin hydration at 0, 1, and 12 h expressed as a relative capacitance 

using a moisture checker MY-808S (Scalar, Tokyo, Japan).   

 

7.2. Skin hydration study of Sac/γ-CyD-HGFs 

 

The in vivo skin hydration studies were performed as previously described. Briefly, the 

Sac/γ-CyD-HGFs (1.5 × 1.5 cm2) were immersed in distilled water for 1 h and then the 

swollen Sac-HGFs were applied to the dorsal skin of hairless mice (9-10-week-old, SLC, 

Shizuoka, Japan).  The moisture checker MY-808S (Scalar, Tokyo, Japan) was used for the 

determination of the skin hydration at 6 and 24 h, which was measured using a relative 

capacitance method. 

 

7.3. Wound healing study of Sac-HGF and Na-Alg-HGF 

 

Two full-thickness excisional wounds were created using 8 mm biopsy punch modified 

tools in the dorsal site of HR-1 mice.  The Sac-HGF and Na-Alg-HGF (1.5 × 1.5 cm2) were 

applied precisely into wound site on the initial day. After 6, 9 and 12 days, the wound areas 

were digitally photographed and quantified by ImageJ software. The wound areas were 

expressed as percentage of the respective initial wound.  

 

7.4. Wound healing study of Sac/γ-CyD-HGFs 

 

The in vivo wound healing studies were performed as previously described.  Briefly, 

two full-thickness excisional wounds were made on the dorsal side of hairless mice using 8-

mm biopsy punch-modified tools.  Three mouse groups were prepared as the Sac/γ-CyD (5 

mM), sacran, and control (without treatment) groups.  The Sac/γ-CyD-HGF (5 mM) and Sac-

HGF (1.5 × 1.5 cm2) were applied precisely on the wound site, and the ImageJ software was 

used to analyze the wound areas. The wound sizes were expressed as a percentage of the 

respective initial wounds.   
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7.5. Wound healing study of Cur/HP-γ-CyD complex in Sac-HGF 

 

The in vivo wound healing studies were performed as mentioned above.  Briefly, two 

full-thickness excisional wounds were made on the dorsal side of hairless mice using 8-mm 

biopsy punch modified tools.  Four mouse groups were prepared as the Cur, Cur/HP-γ-CyD 

PMX, Cur/HP-γ-CyD complex in Sac-HGFs and control (without treatment).  The Sac-HGFs 

were applied precisely on the wound site, and the ImageJ software was used to analyze the 

wound areas.  The wound sizes were expressed as a percentage of the respective initial 

wounds.   

 
8. Statistical analysis 

 

Data are given as the mean ± S.E.  Statistical significance of means for the studies 

was determined by analysis of variance followed by Scheffe's test.  p-Values for significance 

were set at 0.05. 
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