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Poly(vinyl alcohol) (PVA) and sodium alginate (SA) are water-soluble polymers 

with excellent biocompatibility suitable for biomedical applications in wound dressings. 

In this study, pure PVA, pure SA, and blends of PVA/SA membranes were solvent cast 

into films followed by crosslinking in CaCl2, boric acid, and a mixture of CaCl2/boric 

acid solutions for 5, 10, and 30 minutes. Initial feasibility studies showed a strong 

correlation of film thickness to the observed mechanical properties. Further studies in 

solvent casting of blend PVA/SA films, using various polymer concentrations, yielded 

better film appearance with minimal physical changes after crosslinking. The 

corresponding chemical structures of the PVA/SA films after crosslinking suggested a 

consolidated molecular packing network, resulting in the increases of their mechanical 

properties. In general, this work demonstrates the feasibility of solvent casting as well as 

crosslinking of the polymer films with the intention to provide information in design and 

manufacturing of wound dressing materials.
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Chapter 1: Introduction 

According to the World Health Organization, approximately 325 millions of 

people globally will be affected by diabetes by the year 2025 [1]. Among these people, 

around 15% of them will experience a foot ulcer in their lifetime, where amputation is the 

inevitable outcome if these foot ulcers are not treated properly [2]. These chronic foot 

ulcers are hard to heal and are more pronounced in aging populations than young adults 

[3]. In addition, data reported by the Centers for Disease Control and Prevention, shown 

in Figure 1, demonstrates that elderly people continuously receive the highest ulcer 

development rate, per 1000 diabetic patients, than other age groups from 1988 to 2007 

[4]. In the U.S., these chronic wounds affect 6.5 millions of people with a total amount of 

approximately $25 billion dollars spent annually on wound related treatment procedures 

[3]. In another study, based on the data from the center for disease control (CDC), in 

2010, 8.3% of the US population (308,745,538) roughly 25, 625,880 Americans were 

affected by diabetes. In particular, Medicare spent about $ 1.5 billion per year on the 

diabetic foot ulcer treatment, that is a cost per ulcer ranging around $3,000 to $108,000 

[5]. These statistics suggest the need for the development of a better treatment strategy to 

enhance wound healing, ideally, through the design and manufacturing of a dressing 

material with therapeutic effectiveness and efficacy. 
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Figure 1. Hospital discharge rates for ulcer per 1,000 diabetic population by age from 

1988 to 2007. Data re-plotted according to the Diabetes Public Health Resource obtained 

from Centers for Disease Control and Prevention [4]. 

 

A wound depicts an injury on the skin caused by thermal or physical mean or as a 

side effect of a physical condition. In diabetic foot ulcers, the healing process is 

prolonged that it becomes a chronic health issue, where the high blood glucose at the 

wound site tends to make it prone to bacterial infections by Escherichia coli (E. coli), 

Bacillus subtilis (B. subtilis), etc. Maintaining a healthy wound condition that prevents 

the local tissues from bacterial infections alleviates the immune responses, which 

facilitates healing. Therefore, the engineering design criteria in development of topical 

wound dressings include the requirements that these materials should be: (1) 

impermeable to outer environment and bacteria, (2) allowing gas/nutrient exchanges, and 

(3) providing thermal isolation to the wound site.  
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Owing to the advancement in polymer technology, various topical formulations of 

wound dressings have emerged on the market in the forms of films, porous scaffolds, 

hydrogels, nanoparticles, and fibers, as shown in Figure 2 [6]. The sophisticated gamut of 

dressings is the consequence of diversity in types of wounds, resulting in product specific 

aims to resolve various types of wounds [7]. It is well known that controlling the 

moisture balance in the wound bed accelerates the healing process. Hence, in the design 

aspect, one of the functions in topical dressings is to be able to absorb wound exudate 

while allowing a moist environment in the wound area [8].  

 

Figure 2. Classifications of wound dressing [6]. 

 

The current available wound dressing materials on the market are mainly 

fabricated from pure synthetic polymers, pure natural polymers, or blends of these two 

[9]. Some natural polymers that benefit wound healing include chitosan obtained from 

crab shells, agar extracted from seaweeds, sericin (a gumming protein) acquired from silk 
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fibers [9], keratin derived from chicken feathers [10], and sodium alginate (SA) obtained 

from brown algae. For synthetic polymers, the most common materials used in wound 

dressings are poly (lactic acid) (PLA), poly(lactic-co-glycolic) acid (PLGA), 

polycaprolactone (PCL), polyvinyl alcohol (PVA), and polyurethane (PU) [11]. Among 

them, PVA, SA, and their physical blends (PVA/SA) are being considered for the used in 

manufacturing of wound dressings due to its flexibility, adhesively, and transparency 

characteristics, allowing the visualization of the wound without disturbance to the injure 

area. 

Due to the increasing popularity in using solid dosages from polymers for design 

and manufacturing of wound dressings, the structure-property relationships of blend 

polymers as drug carriers are of particular interest. Therefore, the objective of this thesis 

work is to synthesize membranes from blends of PVA/SA solutions followed by 

characterizations of the physicochemical properties of the membranes, and then use the 

insight gained, to inform future applications in drug carriers for wound healing. 

To achieve the objective of this thesis work, films from pure PVA (5 wt%), pure 

SA (1 wt%), and the 50/50 blend of PVA/SA were made to explore their corresponding 

physicochemical properties. In order to adjust their properties, post treatments of the 

films involved in crosslinking in solutions of CaCl2, boric acid, and the 50/50 blend of 

CaCl2/boric acid for 5, 10, and 30 minutes. Physicochemical characterizations and 

mechanical testing showed a strong correlation of the film properties on their thickness. 

This finding led to the investigation of film preparation process that optimized the 

thickness of the films. In general, the results from this thesis work suggest that the blend 
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PVA/SA films crosslinked with CaCl2/boric acid solution enhanced the chemical and 

mechanical properties of the hybrid film, which are essential qualities for polymers 

intended for use in the medical field as a wound dressing or drug-releasing membrane.
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Chapter 2: Significance 

The uniqueness of this thesis work is to fabricate blend polymer membranes from 

water-soluble polyvinyl alcohol (PVA) and sodium alginate (SA) followed by 

crosslinking them in water-based crosslinking agents of boric acid and CaCl2. 

Crosslinking of SA is typically done in CaCl2 solutions by utilizing divalent cations of 

Ca2+ to form a compact three-dimensional molecular network through the linking of the 

free carboxyl and hydroxyl groups. In order to simultaneously crosslink the blend 

PVA/SA membranes, a liquid-based boric acid solution was used to crosslink PVA in the 

blend membranes. However, this approach yields a potential problem in polymer 

dissolution during crosslinking due to the high solubility of PVA and SA in water. Our 

results showed that the blend PVA/SA membranes exhibited minimal changes in physical 

properties, suggesting a negligible dissolution effect in the PVA/SA membranes after 

crosslinking. Chemical analysis displayed the formation of the intermolecular bonds due 

to crosslinking procedures in a mixture of CaCl2/boric acid crosslinking solution. The 

much stable membranes exhibited an increase in mechanical stiffness and strength with 

crosslinking time due to the formation of a more closely packed molecular structure of 

the blend PVA/SA films. In general, the scientific understanding of this thesis work 

involves the ability to crosslink PVA/SA membranes in CaCl2/boric acid solutions and 

the structure-property relationships of the crosslinked PVA/SA membranes. 

In addition to the scientific findings on the physicochemical properties of the 

crosslinked blend PVA/SA membranes, this thesis work provides the engineering 

application that PVA/SA membranes have the potential to become a multipurpose topical 
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dressing material. Our results suggested that the structure-property relationships of 

PVA/SA membranes depended on the crosslinking time, and hence, a variable to use for 

adjustment of the dissolution rate of the PVA/SA membranes. Presently, drug delivery 

from topical dressings is achieved by using a gel and/or cream matrix. The burst release 

behavior (liquid-based transport phenomenon) and the low dosage capability are the 

drawbacks for the gel and/or cream drug delivery platform. The current thesis work 

demonstrated that PVA/SA membranes are one of the potential candidates in solid 

formulation for drug delivery. The ability to utilize diffusion as well as dissolution to 

facilitate drug release, through the control of crosslinking of the PVA/SA membranes, is 

a significant improvement for the development of “tailor-made” topical dressing 

materials.  
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Chapter 3: Literature Review 

Wound healing is a dynamic cellular process, consisting coagulation and 

hemostasis, inflammation, migration and proliferation, and remodeling phases, where the 

optimal outcome is the recovery of the anatomic integrity and biological function. The 

prime objective of wound dressings is to manage wound conditions, or to deliver wound 

healing agents from novel wound dressings, to allow speedy and full healing without 

spreading infection and sepsis [12]. The extracellular matrix, growth factors, and 

cytokines play a main role in the wound healing continuous process. Later, the use of 

sodium alginate (SA) and polyvinyl alcohol (PVA) in wound dressings and their 

functions in wound healing will be reviewed to support the current thesis study. Thus, 

this chapter provides significant scientific understanding of the biological aspects of 

wound healing and the engineering applications in medical performance of novel wound 

dressing. 

3.1 Wound healing stages 

A typical wound healing process comprises four overlapping and time dependent 

stages, which are categorized as hemostasis, inflammation, proliferation, and remodeling 

phases [13,14]. A normal wound follows these healing steps for tissue regenerations 

and/or repairs, while a delay or an incomplete stage results in non-healing wounds. 

Hemostasis and coagulation occur in the first stage of the wound healing process 

that takes place immediately at the time of the injury, and it is completed within hours, 

depending on the severity of the wound. Shortly after the skin injury, the bare sub-

endothelium, tissue factor, and collagen will trigger platelet aggregation resulting on the 
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degranulation and delivering of chemotactic factors (chemokines) and growth factors 

(GFs) to assemble the clot [15]. Furthermore, the clot is attained through three key 

mechanisms, namely (1) contact pathway, (2) tissue factor pathway, and (3) platelet 

activation. In contact pathway, the endothelial damage exposes the sub-endothelial tissue 

to blood, which trigger the Factor XII (Hageman factor). This incident starts a sequence 

of events as Factor X converts prothrombin to thrombin that derives into fibrinogen, 

where fibrinogen transforms to fibrin that generates the fibrin plug. In tissue factor 

pathway, the endothelial damage lays bare the tissue factor to blood, and this event 

generate the activation of Factor VII which also contributes to the thrombin generation. 

In platelet activation, the morphology of platelet suffers a change with the activation by 

thrombin allowing the activate platelets plug and stop the bleeding [16]. The clots serve 

as a matrix for immune cells in the subsequent stages of tissue repair and wound healing 

[17], as shown in Figure 3 [18]. 

 

Figure 3. The interactions between platelets, blood, lymph, and fibrin cause the 

formation of blood clots during the hemostasis and coagulation stage [18]. 
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The second phase of the wound healing process is the inflammatory stage, which 

is initiated during hemostasis and coagulation phase with a duration of approximately two 

days [7,19]. The platelets, set up by the inflammation process, promote the intrusion of 

leukocytes by releasing cytokines and growth factors (e.g., IL-Iα, IL-1β, IL-6 and TNF-α) 

[17]. The main purpose of the inflammation stage, consisting of an initial and late 

inflammatory phase, is to prevent infections to the wound site [16,20,21]. During the 

initial inflammatory phase, the neutrophils infiltrate in the wound site and start the 

phagocytosis process in order to eradicate bacteria. More importantly, phagocytotic 

function is decisive for the overall healing process since a bacterial imbalance is a 

detriment for an optimal healing outcome [13,16]. In the late inflammatory phase, the 

macrophages present in the wound continue the phagocytosis process [13]. The degrading 

neutrophils in combination with the wound fluids consisting of denatured tissue create the 

wound exudate that moisture and protect the newly formed tissues, as shown in Figure 4 

[18]. The inflammatory phase is a crucial step in wound healing due to its involvement on 

prevention of infection to promote tissue regeneration [22]. 
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Figure 4. During the inflamation stage, leukocytes and monocytes migrate into the 

wound, where chemoatractants for neutrophils are released from damage tissue as the 

mediators [18]. 

 

Since the presence of growth factors and cytokines delivered by the immune cells 

during the inflammation stage provokes cell proliferation [21], the proliferation phase, 

approximately 3-10 days after the injury, becomes the third phase in wound healing. The 

fundamental functions of cell proliferation in wound healing include wound closure, 

granulate tissue formation, and reconstruction of the vascular network [17,23]. 

Throughout the proliferation stage, the damage tissues are gradually replaced with the 

granulate tissues, consisting of macrophages, fibroblasts, and vascular endothelia cells, as 

shown in Figure 5 [18]. Also, in this stage, a provisional extracellular matrix, assembled 

from vimentin, fibronectin, vitronectin, and mucin, triggers cell migration, proliferation, 

and cell adhesion [24]. Of equal importance, keratinocyte growth factor (KGF), EGF, 

TGFα, wound fibroblasts, and wound macrophages promote the migration of epidermal 

cells to the wound and their proliferation while also contributing to the synthesis of 

extracellular matrix [17,18]. 
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Figure 5. During the proliferation phase, endothelials sprout and granulate, whereas 

fibroblasts and collagen contribute to the formation of a mature extracellular matrix 

(ECM) [18]. 

 

Remodeling is the last phase of wound healing with processing times ranging 

from 21 days to a year or more depending on the severity of the injury. In this stage, three 

major events occur, including (1) the formation and degradation of scar tissues, (2) the 

remodeling of fibroblasts to myofibroblasts, and (3) the formation of the collagen 

extracellular matrix from the previous provisional extracellular matrix. In the first event, 

the formation of the scar tissue prevents tissue dehydration and infection at the wound 

site [25]. However, scar tissues are fibroblasts and/or myofibroblasts that have different 

cell morphologies and cell responses than the normal skin epithelial cells. In the second 

event, infiltration of fibroblasts in the wound site during the transition from inflammation 

to proliferation stage accumulates collagen. The migration of fibroblasts and their 

proliferation lead to angiogenesis, a complex cell remodeling process based on the 

interactions between the extracellular matrix and the mediators, as shown in Figure 6 

[18,26]. In the third event, the provisional extracellular matrix is replaced by the collagen 
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extracellular matrix, setting up the fading of the inflammatory phase [17]. The evolution 

from the extracellular matrix to scar tissues requires the remodeling of the connective 

tissue of the wound. As a result, extracellular matrix maturation during remodeling 

promotes the reorganization, strengthen, and thickening of the epidermis by 

downregulating cellular and vascular content of the extracellular matrix [18]. 

 

Figure 6. Remodeling and maturation of the extracellular matrix (ECM) foment the 

diminishing of collagen, cellular, and vascular contents within the ECM and promoting 

the thickening of epidermis as the epithelium stratifies [18]. 

 

3.2 Topical dressings for wound healing 

The human skin is the largest visible organ and its function is to defend the body 

against shocks, bugs, and microbes. The recovery from a wound is essential to maintain 

the health of a human body, especially in diabetes patients [27]. Thus, an optimal wound 

healing requires a treatment capable of balancing the complex series of functions between 

cell types, cytokine mediators, and extracellular matrix [28]. 

The quick restoration of the skin integrity is crucial due to the skin important part 

on a variety of vital functions, as preventing infections and fluid loss [29]. An acute 
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wound usually heals in an orderly manner. As soon as the blood is spilled on the site of 

the injury, the platelets meet with the expose collagen and various extracellular 

components. This contact generates reactions that release clotting factors, growth factors, 

platelet-derive grow factor (PDGF), and transforming growth factor beta (TGF-β) within 

the wound. The following phagocytosis process removes alien materials and bacteria 

while releasing PDGF and TGF- β. Once the injure zone is cleaned out, fibroblasts 

migrate to the wound site and begin proliferation and remodeling of the tissue structure 

[30]. 

The fundamental function of a wound dressing is to expedite the healing by 

covering the wound surface to create a better healing condition. Correspondingly, an 

ideal wound dressing should be able to maintain a moist environment, keep away 

infections, absorb site wound fluids and exudates, foment growth factors, and reduce and 

prevent surface necrosis and desiccation, respectively [31]. Furthermore, for a 

mechanical design point of view, a wound dressing should be elastic, biocompatible, non-

antigenic, and should reduce adhesiveness with time [31,32]. Moreover, a wound 

dressing can deliver a wide variety of therapeutic agents, such as small molecules drugs, 

growth factors, nuclei acids, or cells [33]. 

A large number of wound dressing have been developed due to the diversity of 

wounds and modes of healings. For example, the common materials used in the 

fabrication of wound dressings include natural polymers such as polysaccharides 

(alginates, chondroitin, chitin, celluloses, dextran, heparin, chitosan, gelatin, and 

collagen), proteoglycans, and proteins (collagen, gelatin, fibrin, keratin, and silk fibroin), 
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and synthetic polymers (polyurethane, poly(lactic acid), silicon rubber, and polyvinyl 

alcohol) [31,34].  In general, an ideal wound dressing is required to exhibit multi-purpose 

actions, such as moisture control, antibacterial effect, hemostasis, regeneration boost 

capability, to promote wound healing [35]. 

3.2.1 Biocompatibility 

A patient suffering from a chronic wound represent a lengthened healing time and 

costly treatment procedures. Considering the development of topical wound dressings to 

promote wound healing, researches have been focused on the biocompatibility of the 

wound dressing, which affects the functionality of the biological systems [36]. 

Specifically, a wound dressing should have the same physicochemical and biological 

qualities as the wound site with degradation by-products, if degradation/dissolution 

occurs, that are non-toxic to the tissues [37]. 

Currently, most wound dressing are formulated from biopolymers (e.g., proteins 

and polysaccharides), synthetic polymers (e.g., polyvinylpyrrolidone (PVP), polyvinyl 

alcohol (PVA), polyethylene glycol (PEG), and polyethylene (PEO)) [38], or material 

such as ceramic and metals [37,39]. Biopolymers or biomaterials are able to remain in 

contact with tissue or bodily fluid for an extended period of time with minimal secondary 

reactions to support wound healing [40]. The chemical structure of biomaterials can be 

incorporate with biological components to make them capable of being integrated with a 

host tissue. Therefore, biocompatibility and biofunctionality are the key factors for a 

biomaterial [39], and materials characterization is the best tool to make sure that these 

materials are harmless with living tissue [41]. Biomaterials embody a interdisciplinary 
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development in which natural and synthetic material are employed for a diversity of 

needed out comes in a living system [41]. Hence, advances in biotechnology have enable 

techniques and methods to modify the surface of biomaterials as films for drug delivery 

in topical applications [42]. 

3.2.2 Gels 

Maintaining moisture balance of a wound has been considered for many years as 

the key in wound management due its benefit in promoting cellular proliferation and in 

the easy of diffusion of growth factors. As a result, gels have been the main choice for 

wound care due to their high water content (e.g., >90%) [28]. However, in order to 

achieve the desired therapeutic outcome, effective wound management through moisture 

control at the wound site requires frequent applications of the gel dressings. 

Recurring inflammation is the main result that causes chronic wounds, where the 

mononuclear cells present in this event destroy the healing tissue to advance the 

inflammation phase. To overcome the issue in recurring inflammation, a study 

investigated in the gel formulation of using Kaempferia marginata Carey (Zingiberaceae 

family) plant for anti-inflammatory response in wound healing [29]. The anti-

inflammatory properties of the reported gel were obtained from in vitro anti-nitric oxide 

(NO) assays by using RAW264.7 and human dermal fibroblast (HDF) cell lines. Results 

showed that the K. marginata gel (5% w/w) exhibited a cell viability of 134% with cell 

migration rate of 85% using HDF cells. In another study, topical gels made from 15% 

Albizia amara leaves extract and 1% carbopol displayed an enhancing wound healing 

effect in a model treated with this gel compared with the models treated with low, 
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medium extract and plain gel, and standard medication (P < 0.05) [30]. Others 

investigated in the use of chitosan in gel dressing since the chemical structure of chitosan 

tends to form into gels in acid media. A study based on chitosan gel blend with 

chlorhexidine showed antibacterial ability and promotion in wound healing [43]. The 

histological experimentation demonstrated a greater contraction wound in an animal 

model on the 14th day after being treated with chitosan hydrogel containing 2% 

chlorhexidine compared with the control groups. Table 1 summarized studies using gels 

in dressing application for wound healing. 

 

Table 1. Applications of topical gels in wound healing. 

Gel composition Study Results Ref 

Chitosan and EGF Determining the gel 

effect on healing of a 

second-degree burn in a 

rat model. 

Chitosan/EGF gels showed a 

wound closure of 4.95 ± 

0.39 after the 14th day as 

compared to a wound 

closure of 3.10 ± 0.68 using 

chitosan only. 

[44

] 

Collagen, chitosan, 

and cell-

penetrating peptide 

(CPP) 

Inhibition of 

Staphylococcus aureaus 

and good wound 

healing capability in a 

mouse wound model. 

Collagen/chitosan/CPPs gels 

display a wound closure of 

98 ± 4.71 after the 14th day 

as compared to a wound 

[45

] 
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(Oligoarginine, 

R8) 

closure of 96 ± 4.47 using 

collagen/chitosan gels. 

Cuttlefish skin 

gelatin (CSG) and 

aqueous henna 

extract (AHS) 

Observation of healing 

and anti-inflammatory 

effect in a rat wound 

model. 

CSG/AHE showed a 98.70 ± 

0.12 wound contraction as 

compared to a wound 

contraction rate of 86.88 ± 

0.4 using CSG gels only. 

[46

] 

Polyethylelne glycol 

and dopa polymer-

based gel 

 

Promotion of wound 

healing in a mouse 

model contaminated 

with Staphylococcus 

areus, Pseudomonas 

aeruginosa, 

Acinetobacter baumanii 

and Clostridium 

perfringens 

After 21 days, the untreated 

groups remained infected 

while the groups treated 

with the gel not only 

achieved wound healing but 

also showed re-

epithelialization and dermal 

maturation (P < 0.05). 

[47

] 

 

3.2.3 Films 

The primary function of wound dressings is to further stop tissue loss due to the 

worsening condition in chronic wounds, such as diabetic, decubitus, venous leg ulcers, 

chronic burn wounds, and traumas [48]. The main focus on designing a wound dressing is 

to control infection beneath the dressing. For instance, a severe burn wound requires the 
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application of topical antimicrobial drug [49]. Drug-incorporated wound dressings 

therefore have an effective role in the wound healing as they either directly or indirectly 

act as a cleanser and/or a carrier to include growth factor or other antimicrobial 

ingredients [50]. 

Wound dressings made from biomaterials greatly enhance the therapeutic 

functions due to their abilities in carry chemical and/or biological agents, such as small 

molecule drugs and growth factors, that can be programmed to deliver and stimulate 

cellular response [51,52]. In particular, the interest on the biocompatibility and 

biodegradability of synthetic polymers such polyvinyl alcohol (PVA), and natural 

polymers such alginates, starch, and chitosan has been growing over the last two decades. 

These polymer blends have a wide application on the pharmaceutical and biomedical 

field. For example, an in vitro study showed excellent antibacterial activity from the 

blend polyvinyl alcohol (PVA)/sodium alginate (SA) membrane loaded with ampicillin 

[53]. Table 2 summarized studies of various film formulations employed in wound 

healing. 

 

Table 2. The uses of film-based dressings in wound healing. 

Film composition Study Results Ref 

Hyaluronic acid (HA) 

and sodium alginate 

(SA) crosslinked with 

Ca2+, Zn2+, or Cu2+ to 

The use of an 

antibacterial film on 

albino rat wounds.  

The group treated with 

HA/SA/Ca2+ films without 

drug received a wound 

contraction of 1.214 ± 0.041 

[27] 
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enhance antibacterial 

drug delivery of 

sulfadiazine 

(SD)/silver 

nanoparticles 

(AgNPs) 

while drug-loaded films 

showed a 1.271 ± 0.48 

wound contraction over 7 

days. By day 21, both 

groups showed 100% 

wound healing. 

Chitosan (CS), 

polyvinylpyrrolidone 

(PVP), and bentonite 

(BN) 

Investigation of 

physical and 

antibacterial 

properties of the 

film using in vitro 

MTT assay and in 

vivo animal model 

wound. 

The film was non-toxic to 

fibroblast cancer cells from 

MTT cytotoxity assay. The 

CS/PVP/BN group showed 

the best healing results in a 

period of 16 days.  

[54] 

Cellulose (Cel), 

polyvinyl alcohol, and 

vitamin C or propolis 

(Prop) 

Studies of in vitro- 

antibacterial 

analysis and in vivo-

induced diabetic 

model using a 

cellulose-based film 

loaded with vitamin 

C. 

The Cel/PVA groups showed 

a 460 ± 21 wound closure of 

while the Cel/PVA/Vit 

C/Prop groups showed a 

457±18 wound closured at 

day 15. The in vitro assays 

showed reduction of 

bacteria counts. 

[55] 
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Chitosan (CS), sodium 

alginate (SA), 

carbopol, and 

mupirocin 

Studies of adhesive 

films for a dermal 

drug delivery in a 

wound mice model. 

The control group showed 

wound contraction of 

86.41% and 21.36% for day 

4 and day 10, respectively, 

whereas drug-loaded groups 

showed 51.01% and 5.88%, 

respectively. 

[56] 

 

3.3 Sodium alginate in wound healing 

One of the biomaterials that are widely utilized in wound dressing is sodium 

alginate (SA), which is a biocompatible natural polymer characterized by low toxicity to 

human tissue [57]. Alginates are natural anionic polysaccharide heteropolymers consisted 

of 1,4-linked β-D-mannuronate (M)-C5 epimer, and α-L-guluronate (G) residues chains 

shown in Figure 7, which lay out on blocks of M, G, and the alternating domains of G/M. 

The carboxylate groups of the residue’s chains can easily bind with metal cations forming 

a crosslinked hydrogel, which can be fabricated through many crosslinking methods. 

Among them, calcium alginate is the most ionic crosslinked hydrogel used in biomedical 

and food industry [58,59]. 
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Figure 7. Molecular structure of alginic acid containing β-D-mannuronic acid (m), and α-

L-guluronic acid (n) residues. 

 

In biotechnology and food industries, sodium alginate is utilized to thicken 

solutions and form gels. The formation of gels is the result of the iteration between the 

guluronate residues of adjacent alginate chains and the divalent cations (e.g., Ca²⁺), 

illustrated in Figure 8 [60,61]. As a result, calcium alginate exhibits fast swelling and 

dissolution in water, and high mucoadhesiveness properties [62].  

 

Figure 8. Structure of alginate and its binding of calcium cations in egg-box model [63]. 

 

Hence, alginates have been employed to fabricate hydrogels for drug delivery, 

tissue engineering applications, and cell transplantation and encapsulation [64], as well as 
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matrixes for holding and delivery biological agents [65]. Moreover, calcium alginate 

analogous characteristics to the extracellular matrix (ECM) in tissues has fomented its 

application on wound healing [66]. Table 3 summarizes studies of calcium alginate films 

utilized in wound healing. 

 

Table 3. Alginate film-based dressings in wound healing. 

 Film Study Result Ref 

Kaltostat 

film 

Calcium alginate (Kaltostat) 

and porcine xenograft films 

were compared in the 

treatment of split-thickness 

skin graft of 20 donors. 

The healing time was 8.1 days and 

11.3 days for alginate films 

(Kaltostat) and porcine xenograft 

films (P < 0.001). 

[67] 

Calcium 

alginate 

film 

A retrospective study of the 

application of alginate 

films in 200 circumcised 

newborns over two years 

was performed. In this 

study a plastibell with a 

calcium alginate dressing 

was utilized on this 

procedure. 

This method of circumcision did not 

have bleeding complications like 

previous years. The delayed rate 

separation of the bell was 2.9 % on 

this study compared to 2.5% of the 

previous data. 

[68] 
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Calcium 

alginate 

film 

This study consisted of 

calcium alginate dressings 

application on burn wounds 

for a period of 12 years in 

the Women’s and Children 

Hospital burn unit. 

Calcium alginate films reduced 

infections rate, with a good 

hemostasis and satisfactory healing 

of the burn wound. 

[69] 

Calcium 

alginate 

film 

The healing properties of 

calcium alginate film 

applied on a diabetic 

ulceration of a model rat 

were observed in this 

study. 

The expression of collagen I/III for 

the alginate groups was from day 7 

(1.07 ± 0.31 vs 0.77 ± 0.11, P < 

0.05) to day 14 (1.18 ± 0.30 vs 

0.83 ± 0.14, P < 0.05) greater than 

for the Vaseline groups. Alginate 

group displayed a high-level of the 

hydroxyproline in skin 

homogenate. 

[70] 

 

3.4 Polyvinyl alcohol (PVA) in wound healing 

Polyvinyl alcohol (PVA) is a semi-crystalline bioadhesive polymer with a wide 

application in the medical field [71,72]. PVA is a hydrophilic polymer with dehydration 

properties by evaporation [73]. Made from polyvinyl acetate through hydrolysis [74], 

PVA is a super synthetic macromolecule that exhibits superior biodegradability with a 
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great film forming ability and mechanical properties, and its molecular structure is shown 

in Figure 9 [75].  

 

Figure 9. Molecular structure of polyvinyl alcohol with repeating monomer of 

CH2CHOH. 

 

PVA possesses a high value of elongation at break and average mucoadhesive 

properties [62]. Even though PVA has excellent chemical resistance and physical 

properties in dry condition, its high solubility in water affects its application. However, 

crosslinking methods can modify PVA’s hydrophilicity condition.  PVA membranes have 

been utilized in many applications in the biomedical and biochemical fields due to their 

biocompatibility, biodegradability, and permeability [76]. In the field of tissue 

engineering, PVA membranes have been employed to repair and regenerate tissue 

including mimicking corneal, arterial, and cartilage implants [77]. PVA’s presence in 

polymer blends contributes to change the permeability of gases, enhancement of 

processability, increase of thermal and mechanical resistance, regulation of swelling, and 

ability to stabilize polymeric matrix [78]. Table 4 shows various studies of blend 

polymers using PVA and natural polymers and their enhanced properties. 
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Table 4. Topical film-based dressings from blend polyvinyl alcohol (PVA) and natural 

polymers. 

Blend and drug Enhance property of the film Ref. 

Wound dressings from 

blends of PVA/calcium 

alginate at 10, 20, and 

30% v/v loaded with 

papain. 

FTIR-ATR analysis displayed molecular structure 

interaction between PVA and calcium alginate. 

The addition of calcium alginate added softness 

without altering the ductility of a pure PVA film, 

an improved quality for wound dressing. Papain 

release displayed hemolytic activity from the 

blend films. 

[78] 

Burn wound dressings 

from blends of 

PVA/chitosan 

Elongation at break of the films decreased as 

increasing PVA content or decreasing chitosan. 

Tensile stress of PVA/chitosan films increased 

minimally with decreasing chitosan content. The 

antibacterial property increased due to the 

addition of chitosan in blend. 

[79] 

Wound dressings from 

blends of PVA/silk 

sericin  

X-Ray photoelectron spectroscopy showed the 

molecular blending of PVA with sericin formed 

hydrogen bonds that increased the mechanical 

properties and water retention capacity of the 

film. 

[80] 
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Blend of PVA/cashew 

gum polysaccharide to 

support the 

immobilization of trypsin 

inhibitors with 

antibacterial activity. 

A homogeneous macroscopic surface without 

bubbles was obtained from the blend. A higher 

swelling percentage of the film represented a high 

concentration of cashew gum polysaccharide in 

the blend, suggesting more covalent bonds that 

are responsible for a higher mechanical 

resistance. 

[81] 

Wound dressings from 

blends of PVA/chitosan 

loaded with curcumin 

The antioxidant and antibacterial properties of 

chitosan and addition of curcumin accelerated 

various phases of wound healing.  

[82] 

 

3.5 Crosslinking mechanism 

Crosslinking is an important mechanism involved in the modification of an 

existing molecular configuration in polymers to improve the materials properties [83]. 

Polyvinyl alcohol (PVA) is a linear polymer attained from vinyl acetate 

polymerization through partial (70%) or full (100%) hydrolysis. The presence of the 

hydroxyl groups in PVA makes it different from another polymers with distinct 

properties in crystallinity, solubility, tacticity, glass transition and melting temperature, 

viscosity, permeability, resistance to solvents, and swelling capacity [78]. The hydroxyl 

groups mainly promote water solubility and create the site for the chemical modifications 

[84]. The presence of water molecules in PVA swells and loosens the molecular chains 

and results in PVA dissolution. Therefore, the adjustment of the freely available hydroxyl 
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groups in PVA, done through a particular crosslinking process, determines its solubility 

in water [83]. 

The common methods to crosslink PVA consist of freezing, heat treatment, 

irradiation, and chemical crosslinking [85]. Freezing-thawed crystallization involves in 

cooling to -20°C and thawing to room temperature many times of a dilute aqueous PVA 

solution. This method builds up a stable hydrogel crosslinked by the presence of 

crystalline regions. This technique is non-toxic and is suitable for biomedical applications 

[86]. In heat treatment, the PVA is usually heated to a temperature between 120°C – 

175°C for around 30 – 80 minutes. Chemical bonding, unsaturation, and chain scission 

are the characteristics obtained from this technique [85]. Irradiation technique produces 

recombination of the macromolecular radicals in the polymer to give a more stable 

material. The new bonds, created after the irradiation procedure, are covalent linkages 

occurring in one single chain (intra-molecular crosslinking). Chain scissions are the 

rupture of the bond in the polymer backbone with double bond formation that produces 

new chemical groups [87]. 

Chemical crosslinking is usually done with a crosslinking agents or crosslinkers, 

such as boric acid, formaldehyde, glutaraldehyde, glyoxal, citric acid, malic acid malonic 

acid glycidyl sulphone, and urea formaldehyde/H2SO4 among others [85]. In a study, 

PVA was crosslinked at room temperature with three concentrations of boric acid (0.3 

wt%, 1wt%, and 3wt%). The results showed the correlation between the concentration of 

boric acid and mechanical strength of the crosslinked materials. This study suggested that 

increasing the content of boric acid promoted the early formation of nanofibrils followed 
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by a reduction of nanofibrils at the end, the coupling effect when increasing the 

concentration of boric acid resulted in the reduction of PVA crystallization, and the boric 

acid protected the PVA crystal network from breaking. Therefore, the addition of boric 

acid was able to modify the orientation of amorphous and crystal regions as shown in 

Figure 10 [84]. 

 

Figure 10. Representation of the molecular structure in PVA films during the aqueous 

boric acid crosslinking at different concentrations [84]. 

 

The molecular structure of alginates consists of a free number of carboxyl and 

hydroxyl groups allocated along the backbone of its molecular chain. As a result, 

alginates can be modified by chemical functionalization to obtain desirables 

physicochemical behaviors including the ability to swell and solubility [88]. Sodium 

alginate (SA) has unrestrained structure, insufficient mechanical strength, and high water 

solubility. Hence, research work has been focused on improving these drawbacks by 
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using a crosslinking procedure. Some good candidates to crosslink SA include calcium 

salts (CaCl2, CaSO4, and CaCO3 among others) due to the ability of SA to bind divalent 

cations of Ca2+ and form hydrogels, which is the most important quality of SA [89]. The 

formation of the hydrogel is due to the binding of guluronic residues with calcium cations 

that generates a three-dimensional network, best known as the egg-box model. The 

frequency and length of the guluronic acid residues in SA are associated with the 

concentration of cations required for crosslinking. The changes on these two factors 

modify the numbers of alginate strands that hold the egg box model. Consequently, these 

events change the strength of the gel network as shown in Figure 11 [90]. 

 

Figure 11. Representation of the egg-box model in low and high CaCl2 concentration. 

The red solid circles depict calcium cations located between guluronic acid residues [90]. 
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Chapter 4: Materials and Methods 

4.1 Materials 

Sodium alginate (SA) powder (TICA-algin® 400), kindly provided by Tic Gums 

(White Marsh, MD, USA), was chosen for this study based on its biocompatibility and 

easy formation of films with desired mechanical properties. Graded 71-30 polyvinyl 

alcohol (PVA) powder, kindly provided by Kuraray America Inc. (Houston, TX, USA), 

was used for film forming ability to blend with SA. The crosslinkers utilized in this study 

included calcium chloride (CaCl2) and boric acid (H3BO3) powders for SA and PVA, 

respectively. Deionized (DI) water was used as a solvent for polymer solutions and 

crosslinking procedures.  

4.2 Preparation of polymer solutions 

To prepare 5 wt% of pure polyvinyl alcohol (PVA) solutions, 10 grams of PVA 

powder (Figure 12A) were added to 200 ml of DI water (Figure 12B) and stirred on a hot 

plate (Figure 12C) for approximately 3 hours at a temperature of 80°C. The PVA 

solutions were then left overnight to remove micro-bubbles due to the agitation during 

mixing. Sodium alginate (SA) solutions were prepared at 1 wt% (e.g., 2 grams SA 

powder in 200 ml of DI water) due to solubility and viscosity and stirred on a hot plate 

for approximately 3 hours at a temperature of 80°C. The SA solutions were also left 

overnight to remove the micro-bubbles from stirring processes. 

To prepare the blend PVA/SA polymer solution, pre-calculated amounts of PVA 

and SA powders 5 wt% and 1 wt% were placed into a vial followed by adding a total of 
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200 mL of DI water to from a blend polymer solution. The blend polymer solutions were 

also left overnight for removing the air bubbles due to mixing. 

 

Figure 12. Polymeric solution making process showing (A) raw polymer powder (image 

represents PVA powder), (B) PVA powder in deionized water before the mixing process, 

and (C) solution stirring and heating process using a stirring hot plate. 

 

4.3 Fabrication of films 

After removing the air-bubbles from the polymer solutions, 50 ml of solution was 

carefully pour down to a Teflon-coated aluminum mold (7” in diameter) followed by 

solvent evaporation process at 40°C for 6 hrs. After solidification, films were carefully 

lifted-off from the mold without additional applied stress in distortion to the films. 

Representations of the solvent cast films after solidifications are shown in Figure 13 for a 

typical pure PVA film (Figure 13A), a typical pure SA film (Figure 13B), and a typical 

blend PVA/SA film (Figure 13C). 
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Figure 13. Solvent casting method for fabrication of the polymer films of (A) PVA film, 

(B) SA film, and (C) blend PVA/SA film. 

 

4.4 Preparation of crosslinking solutions 

The crosslinkers employed for this study were CaCl2 for SA, and boric acid for 

PVA. Three types of crosslinking solutions were prepared for pure PVA, pure SA, and 

blend PVA/SA films. Figure 14 illustrates the final products of the crosslinking solutions 

from 5 wt% CaCl2 (Figure 14A), 3 wt% boric acid (Figure 14B), and 50/50 volumetric 

mixture of CaCl2/boric acid solution from the same weight percentages of the 

crosslinkers (Figure 14C). All crosslinking solutions were optically clear without 

residuals. 
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Figure 14. Various crosslinking solutions for pure PVA, pure SA, and blend PVA/SA 

films showing (A) CaCl2 solution, (B) boric acid solution, and  (C) mixture of 

CaCl2/boric acid solution. 

 

4.5 Crosslinking procedures 

Sets of disc samples were cut using a series of hollow leather punch with 

diameters of 19, 16, 13, and 11 mm. Before crosslinking, the area, thickness, and weight 

of each sample were measured using a Hewlett-Packard scanner, a thickness gauge, and a 

Mettler Toledo analytical balance, respectively. The disc samples from pure PVA, pure 

SA, and blends of PVA/SA were fully immersed in their corresponding crosslinking 

agents for 5, 10, and 30 minutes. After crosslinking, the discs were removed from the 

crosslinking solutions and extensively washed with DI water to remove excess 

crosslinking agents followed by leaving them to dry at room temperature. 
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4.6 Physical properties characterizations 

The images of the PVA, SA, and PVA/SA film samples were acquired by a 

Hewlett-Packard Deskjet 2540 scanner. The mass of the samples was recorded by a 

Mettler Toledo AG245 analytical balance, 220 g x 0.1 mg instrument. The thickness of 

the film was measured using a digital thickness gauge from CAIDU (potable digital 

thickness gage gauge 0.0005-0.5-inch/0.01-12.7 mm – range electronic micrometer 

inch/metric – electronic percentage thickness meter with precise LCD display). The 

percentage changes in area (swelling/shrinkage), weight (dissolution), and thickness 

(diffusion), were measured and calculated for the all sample films. In particular, the 

scanned images were analyzed by the ImageJ software (NIH, Bethesda, Maryland). 

Changes in weight, area, and thickness of sample films were analyzed after 5, 10, 

and 30 minutes of crosslinking in CaCl2, boric acid, and the combination CaCl2/boric 

acid solutions. The percentage change in area was calculate by the following equation: 

% Area change = (Af – Ai)/Ai x 100% 

, where Af is the final area of the samples after crosslinking and Ai is the initial area of the 

samples before crosslinking. Similarly, the percentage change in thickness was calculate 

by the following equation: 

% Thickness change = (Tf – Ti)/Ti x 100% 

, where Tf is the final thickness of the samples after crosslinking and Ti is the initial 

thickness of the samples after crosslinking. Finally, the the percentage change in weight 

was calculate by the following equation: 

% Weight change = (Wf – Wi)/Wi x 100% 
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, where Wf is the final weight of the samples after crosslinking and Wi is the initial 

weight of the samples after crosslinking.  

4.7 Fourier-transform infrared spectroscopy 

To characterize the change in chemical structures after crosslinking, PVA/SA 

films before and after crosslinking in CaCl2/boric acid solutions were prepared for 

Fourier-transform infrared spectroscopy at the LeTourneau University (Longview, TX, 

USA). Chemical analyses were performed by Attenuated Total Reflectance mode in 

Fourier transform infrared spectroscopy (ATR-FTIR) using a Nicolet 6700 (Thermo 

Fisher Scientific Inc., USA) spectrometer with a diamond crystal over a scan range from 

400 to 4000 cm-1. 

4.8 Mechanical Testing 

An Instron universal mechanical tester (Norwood, MA, USA) was used for the 

tensile testing of the films according to ASTM standard D5034-95 (e.g., 24 ± 1 °C and 45 

± 5% RH). Film samples were cut with dimensions of 15 mm x 5 mm (Figure 15A). For 

crosslinked samples, they were cut and crosslinked for 5, 10, and 30 min with their 

corresponding solutions. After the films dried up, they were taped with VWR lab tapes 

(Figure 15B) before clamping to the fixture for tensile testing. 

Tensile tests were performed at a strain rate of 0.01/s. Stress-strain curves were 

obtained from the raw data of load and displacement from the mechanical tester. A 

representative stress-strain curve from the crosslinked film is shown in Figure 15C. The 

elastic modulus was derived from the initial slope of the stress-strain curve after tensile 

testing .The tensile strength represents the maximum stress that the sample can withstand, 
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and it is calculated by dividing the applied load to the cross-sectional area of the film, 

which comprises the width and the thickness of the rectangular specimen [91,92].  

 

Figure 15. (A) Schematic of a rectangular specimen used in tensile testing (unit = mm). 

(B) Crosslinked set of five sample films ready for the mechanical test. Both ends of the 

rectangular sample films were attached to labeling tapes to enhance gripping on the 

mechanical tester. (C) Typical stress strain curve for a PVA/SA sample film. The 

representative curve was depicted from a sample crosslinked with CaCl2 for 5 minutes.
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Chapter 5: Results and Discussion 

5.1 Physical properties PVA films 

PVA membranes were prepared by heating 5 wt% of PVA solutions in an oven at 

80°C for 6 h. After fully dried, the pure PVA membranes were lift-off from the cast die. 

The objective of this section was to investigate the changes of physical properties on 

solid PVA membranes after crosslinking in CaCl2, boric acid, and the combination of 

CaCl2/boric acid crosslinking solutions for 5, 10, and 30 minutes. The shapes of PVA 

discs before and after crosslinking are shown in Figure 13. Significant changes in sizes 

(swelling) and fold-over due to preparation processes of the crosslinking were observed. 

Due to the difficulties in handling the samples during crosslinking process, quantitative 

measurements on the changes in physical shapes of the PVA discs before and after 

crosslinking were not shown. 

 

Figure 16. PVA sample films crosslinked for 5, 10, and 30 minutes with CaCl2, boric 

acid, and mixture of CaCl2/boric acid solutions. Photos depict from sample discs before 

and after crosslinking. Scale bars = 10 mm. 
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Since the quantitative measurements of disc shapes from the pure PVA samples 

after crosslinking were unsatisfactory, the percentage weight changes on pure PVA 

samples before and after crosslinking were used for quantification (Figure 14). Results 

show that PVA sample discs crosslinked with CaCl2 decrease 6% in weight, increases 

18% in weight, and decreases 17% in weight after 5, 10 and, 30 minutes, respectively. 

Since the molecular chain of PVA exhibits many hydroxyl groups, a suitable crosslinking 

process of PVA discs requires the introduction of intra- and inter-molecule hydrogen 

bonds within the chains. PVA is a highly hydrophilic polymer due to the hydroxyl 

groups, and crosslinking of PVA using water-based crosslinkers has the potential to 

dissolve PVA during the process. The variation of our results from CaCl2 crosslinking at 

various times suggests that the hydrophilic characteristic of PVA may have impacted the 

measurement of the weight loss of the films. PVA sample discs crosslinked with boric 

acid show a slight increase in weight of 3% after 5 minutes followed by a 3% decrease of 

weight change at 30 minutes. The change in weight is insignificant as compared to the 

CaCl2 crosslinker, and therefore, boric acid appears to be a good candidate for 

crosslinking pure PVA. Studies suggested that boric acid accumulation on the PVA films 

caused a high crosslinking density that reduced its volume [93]. This mechanism suggests 

the minimal change in weight loss while significantly reducing the disc size during the 

crosslinking procedure. 

PVA sample discs crosslinked with combination of CaCl2/boric acid solutions 

show a weight change (e.g., increase and decrease) within 1% after 5, 10, and 30 minutes. 
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This result demonstrated that CaCl2/boric acid combination balance fluctuations on mass 

loss on a PVA film. 

 

Figure 17. Percent weight change of PVA sample films crosslinked with CaCl2, boric 

acid, and mixture of CaCl2/boric acid solutions for 5, 10, and 30 minutes. 

 

5.2 Physical properties of SA films 

SA membranes were prepared by heating the 1 wt% SA solutions in an oven at 

80°C for 6 h. The purpose of this study was to explore the physical properties of the SA 

membranes before and after crosslinking for 5, 10, and 30 min in CaCl2, boric acid, and 

the combination of CaCl2/boric acid crosslinking solutions for 5, 10, and 30 minutes. 

Since SA films dissolved in boric acid crosslinking solutions, the film samples were only 

crosslinked with CaCl2 and the combination CaCl2/boric acid solutions. The physical 

shapes of SA film samples were distorted and exhibited significant fold-over after the 

crosslinking process of 5, 10, and 30 minutes (Figure 14). As such, quantitative 

measurements on the changes in physical shapes of the SA films before and after 

crosslinking were not shown. 
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Figure 18. SA sample films crosslinked for 5, 10, and 30 minutes in CaCl2, boric acid, 

and mixture of CaCl2/boric acid solutions. Photos depict from sample films before and 

after crosslinking. SA dissolved in boric acid, and therefore, no images for the 

comparison. Scale bars = 10 mm. 

 

Changes in weight percentage were recorded for quantification measurements 

before and after crosslinking process. Results suggested that SA film samples crosslinked 

with CaCl2 for 5 minutes received a weight increase of 5% followed by a 4% decrease in 

weight after 10 minutes and a 2% increase in weight after 30 minutes (Figure 16). The 

effects of CaCl2 crosslinking resulted in the rearrangement of the hydroxyl and carboxyl 

groups in the SA molecular chain with the formation of calcium alginate polymer [94]. 

Likewise, the films crosslinked with combination of CaCl2/boric acid solutions for 5 

minutes showed a 2% weight decrease. After 10 minutes of crosslinking, the decrease in 

weight of SA sample films remained at 2%. After 30 minutes of crosslinking, the SA 

sample films showed a 1% weigh increase. Even though SA samples dissolved in boric 
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acid solution, crosslinking of SA samples in combination of CaCl2/boric acid solutions 

suggested minimal dissolution of the alginate. 

 

Figure 19. Percent weight change of SA sample films crosslinked with CaCl2 and 

mixture of CaCl2/boric acid solutions for 5, 10, and 30 minutes. SA sample films 

crosslinked with boric acid were dissolved, and therefore, data were excluded. 

 

5.3 Physical properties of blend PVA/SA films 

Blend PVA/SA films were prepared by heating the mixed solutions of 5 wt% 

PVA and 1 wt% SA solutions in an oven at 80°C for 6 h. Blend PVA/SA samples were 

crosslinked with CaCl2, boric acid, and combination of CaCl2/boric acid solutions for 5, 

10, and 15 minutes. The purpose of investigating polymer blends is to enhance the 

crosslinking results of physical properties on the films. All blend samples survive the 

crosslinking processing of the various crosslinking methods. Qualitative results on the 

physical shapes of PVA/SA discs before and after crosslinking in all three crosslinking 

solutions suggested the improvement in retaining the original shapes of the films (Figure 

17). The blend PVA/SA films have a high hydrophilicity that limit wound secretions, 

which is an essential barrier property for wound dressings [95]. 
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Figure 20. PVA/SA sample films crosslinked for 5, 10, and 30 minutes in CaCl2, boric 

acid, and mixture of CaCl2/boric acid solutions. Photos depict from sample films before 

and after crosslinking. 

 

Many chemical reactions took place during the crosslinking process of PVA/SA 

films (Figure 18). For instance, the effects of boric acid crosslinking on PVA/SA film 

samples after 5 minutes increased the area for 37%, decreased the thickness for 12%, and 

increased the weight for 1%. After 10 minutes of crosslinking in boric acid, the PVA/SA 

film samples decreased the area for 16%, increased the thickness for 15%, and increased 

the weigh fort 5%. Furthermore, crosslinking in boric acid solutions for 30 minutes 

increased the area for 12%, decreased the thickness for 4%, and decreased the weight for 

3%. To interpret these results, the high solubility of SA [96], the swelling characteristic 

of PVA [97], and the concentration of boric acid on crosslinking of PVA increased the 

crosslinking density and created a consolidated packing of its molecular chains [93]. 
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Similarly, the responses of the physical properties of the PVA/SA films after 

CaCl2 crosslinking (Figure 18) for 5 minutes suggested an increase of 13% in area, a 

decrease of 14% in thickness, and an increase of 3% in weight. Crosslinking of the 

PVA/SA samples in CaCl2 for 10 minutes increased the area by 14%, decreased the 

thickness by 12%, and increased the weight by 3%. Furthermore, crosslinking of the 

PVA/SA samples in CaCl2 for 30 minutes decreased the area for 4%, increased the area 

for 1%, and decreased the weight for 5%. Since SA comprises numerous hydroxyl and 

carboxyl groups in its molecular chains, the crosslinking process with CaCl2 forms 

calcium alginate polymer with the capacity of carry a high-water content [94]. 

Conversely, PVA molecular chains have only hydroxyl groups. During CaCl2 

crosslinking, hydrogen bonds are formed intra- and inter-molecularly, giving a high 

mechanical strength to PVA. As such, PVA/SA membranes crosslinked with CaCl2 

produce films with good stability, flexibility, and minimal changes in water content. The 

film samples crosslinked with combination of CaCl2/boric acid solutions (Figure 18) 

exhibited a 16% decrease in area, a 1% decrease in thickness, and a 7% increase in 

weight after 5 minutes. After crosslinking for 10 minutes, the area decreased 16%, the 

thickness increase of 22%, and the weight increased 7%. Sample physical properties after 

crosslinking for 30 minutes showed a decrease in area of 21%, an increase of thickness of 

68%, and a decrease in weight of 4%. In this study, it was anticipated that there was some 

degree of SA dissolution during crosslinking due to the presence of boric acid in the 

crosslinking solutions. Sample swelling and shrinkage effects due to the loss of SA in 

PVA/SA samples were addressed according to the literature [98]. 
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Figure 21. PVA/SA sample films crosslinked with CaCl2, boric acid, and mixture of 

CaCl2/boric acid solutions for 5, 10, and 30 minutes, showing (A) percentage weight 

change, (B) percentage area change, and (C) percentage thickness change. 
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5.4 Chemical analyses: FTIR 

The changes in molecular structure of the blend PVA/SA films before and after 

crosslinking were characterized by Fourier-transform infrared (FTIR) spectroscopy from 

500 cm-1 to 4000 cm-1 wavenumbers. Figure 19 shows the characteristics peaks observed 

on the uncrosslinked blend PVA/SA films as well as the crosslinked blend PVA/SA films 

with CaCl2 and boric acid for 5, 10, and 30 minutes. Table 5 depicts the peak assignment 

for the uncrosslinked and crosslinked PVA/SA films. It was observed that hydroxyl peaks 

are broader due to the formation of hydrogen bonding between the hydroxyl groups of 

PVA and sodium alginate [99]. Moreover, all the PVA/SA films showed an increase in 

the (O-H) and (C=O) absorption bands when increasing the crosslinking time with CaCl2 

due to the formation of calcium alginate through Ca2+ ions [100]. Also, an increase in the 

intensity of the C-H stretching was noted on the PVA/SA films after crosslinking with 

CaCl2 for 30 minutes. 
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Figure 22. FTIR spectra of uncrosslinked PVA/SA sample films (blank) and crosslinked 

PVA/SA sample films with (A) boric acid, (B) CaCl2, (C) and CaCl2/boric acid solutions 

for 5, 10, and 30 minutes. 
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Table 5. Characteristics peaks observed on crosslinked PVA/SA films with CaCl2 and 

boric acid for 5, 10, and 30 minutes and a PVA/SA blank film. 

FTIR peak assignments on PVA/SA sample films 

Crosslinking time 

 

Samples 

 

Wavenumber (cm-1) 

C=O 

stretching 

C-H stretching O-H stretching 

5 minutes Blank 1616 2916 3264 

CaCl2 1578 2836 3253 

Boric acid 1608 2921 3293 

10 minutes Blank 1618 2931 3260 

CaCl2 1614 2913 3275 

Boric acid 1638 2891 3199 

30 minutes Blank 1619 2914 3296 

CaCl2 1615 2933 3283 

Boric acid 1621 2898 3244 

 

5.5 PVA-SA Mechanical Properties 

Uniaxial tensile tests were performed on crosslinked PVA/SA samples. Five 

rectangular shape PVA/SA samples were used for tensile test to evaluate the changes in 

elastic modulus and the tensile strength due to crosslinking. Quantitative results on the 

elastic modulus and tensile strength of the crosslinked PVA/SA films are shown in Figure 

20 and summarized in Table 6. 
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The average elastic moduli of PVA/SA films crosslinked with the CaCl2 solutions 

for 5, 10, and 30 minutes were 1364 MPa, 2051 MPa, and 1956 MPa, respectively. The 

average tensile strength of PVA/SA films crosslinked with the CaCl2 solutions for 5, 10, 

and 30 minutes were 47 MPa, 62.7 MPa, and 62.4 MPa, respectively. 

Similarly, the average elastic moduli of PVA/SA films crosslinked with boric acid 

solutions for 5, 10, and 30 minutes were 1990 MPa, 1587 MPa, and 1393 MPa, 

respectively. The average tensile strength of PVA/SA films crosslinked with boric acid 

solutions for 5, 10, and 30 minutes were 63.0 MPa, 65.5 MPa, and 50.0 MPa, 

respectively. 

Finally, the average elastic moduli of PVA/SA films crosslinked with the 

combination of CaCl2/boric acid solutions for 5, 10, and 30 minutes were 2151 MPa, 

1899 MPa, and 2257 MPa, respectively. The average tensile strength of PVA/SA films 

crosslinked with the combination of CaCl2/boric acid solutions for 5, 10, and 30 minutes 

were 48.0 MPa, 73.8 MPa, and 77.9 MPa, respectively. 

The general trends on average elastic modulus and the tensile strength after 

crosslinking of the blend PVA/SA films increased after crosslinking with the all 

crosslinking solutions. Many factors needed to take in consideration to explain this result. 

Most importantly, alginate is highly soluble in boric acid, and thus, it was expected that 

the initial composition of the blend PVA/SA film suffered a modification during the 

crosslinking process involving boric acid. This effect may have resulted in the leaching of 

polymers leaving some level of microporosity in the films. Studies have shown that the 
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tensile strength and the elongation at break of the blend PVA/SA membranes was a 

variable of the content of alginate in the film [8]. 

 

Figure 23. Mechanical properties of PVA/SA films, showing (A) average elastic modulus 

and (B) average tensile strength after crosslinking in CaCl2, boric acid, and the mixture of 

CaCl2/boric acid solutions for 5, 10, and 30 minutes. 
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Table 6. Mechanical properties of PVA/SA films crosslinked in CaCl2, boric acid, and 

mixture of CaCl2/boric acid solutions for 5, 10, and 30 minutes. 

Mechanical properties crosslinked PVA/SA sample films 

Crosslinking time Samples Elastic Modulus (MPa) Tensile Strength (MPa) 

5 minutes CaCl2 1364 ± 347 47.0 ± 14.9 

Boric acid 1990 ± 753 63.0 ± 30.0 

Combo 2151 ± 998 48.0 ± 29.8 

10 minutes CaCl2 2051 ± 548 62.7 ± 13.7 

Boric acid 1587 ± 1045 65.5 ± 40.6 

Combo 1899 ± 370 73.8 ± 14.4 

 

30 minutes 

CaCl2 1956 ± 707 62.4 ± 2.5 

Boric acid 1393 ± 342 50.0 ± 3.4 

Combo 2257 ± 417 77.9 ± 11.7 

 

5.6 Effects of solvent-casting variables on mechanical properties 

To evaluate the feasibility in solvent casting and crosslinking of PVA and SA, our 

results in the previous sections demonstrated the ability to synthesize and crosslink pure 

PVA, pure SA, and blends of PVA/SA membranes for potential applications in wound 

dressings. Crosslinking of the various membranes were carried in pure CaCl2 for SA, 

pure boric acid for PVA, and a mixture of CaCl2/boric acid solution for blend PVA/SA 

membranes. Significant changes in the physical shape and mass were found in the pure 

PVA and SA films as compared to a rather stable behavior from the blend PVA/SA films. 
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Thus, based on the findings observed, a decision was made to focus on studying the 

physico-mechanical properties of blend PVA/SA films using a mixture of CaCl2/boric 

acid solution as the crosslinking agent for solvent casting and crosslinking. 

Moreover, the data from the previous sections suggested that thickness of the film 

played an important role in the mechanical properties of the films. As a result, the aim is 

to standardize thickness in blend PVA/SA films to improve the characterizations of their 

physico-mechanical properties. One approach in standardizing film thickness is to adjust 

the concentrations of polymer solutions by allowing more polymers to solidify in the 

mold. Therefore, the following sections will focus on the discussion of effects of film 

thickness on physico-mechanical properties of blend PVA/SA films using different 

concentrations of polymer solutions. The objective of this approach is to find a polymeric 

blend PVA/SA film with optimal physico-mechanical properties intended for the use of a 

wound dressing. 

5.7 Physical properties of blend PVA/SA films 

Three blends of PVA/SA films were prepared in an oven at 40°C for 6 hours by 

using different concentrations of PVA and SA solutions. Afterward, the blend PVA/SA 

films were crosslinked with a mixture of CaCl2/boric acid solution for 5, 10, and 30 

minutes. The quality of the resulting physical shapes of the PVA/SA samples after 

crosslinking was enhanced, as shown in Figure 21. Minimal shape changes and 

distortions were observed on their physical appearances, which made blend PVA/SA a 

good candidate in wound dressing. 
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Figure 24. PVA/SA sample films crosslinked for 5, 10, and 30 minutes in mixture of 

CaCl2/boric acid solutions. Photos show from sample films before and after crosslinking. 

 

Quantitative analysis of the physical properties of PVA/SA films (5wt%/1wt% 
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of crosslinking followed by a reduction of 0.78 ± 0.23% and 0.22 ± 0.26% in weight after 

10 and 30 minutes of crosslinking, respectively (Figure 22A). The PVA/SA films 

(6wt%/1.2wt% blend) showed slight increases of 0.04 ± 0.06%, 0.33 ± 0.33%, and 1.96 ± 

0.27% in weight after 5, 10, and 30 minutes of crosslinking, respectively. Furthermore, 

the PVA/SA films (7wt%/1.4 wt% blend) underwent increases of 1.37 ± 0.18%, 1.05 ± 

0.46%, and 2.04 ± 0.35% in weight after 5, 10, and 30 minutes of crosslinking, 

respectively. Overall, the percentage weigh change was minimal for all three blends of 
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crystallites allowing the molecular chains of PVA to be more compact [93]. In addition, 

CaCl2 stabilizes the three dimensional network of SA molecules with minimal swelling 

ability [89]. 

Changes in area (Figure 22B) showed a slight increase of 0.92 ± 1.66% for 

PVA/SA films (5wt%/1wt% blend) after 5 minutes of crosslinking, followed by a 

decrease of 3.99 ± 0.50% and 0.72 ± 3.71% after 10 and 30 minutes of crosslinking, 

respectively. The PVA/SA films (6wt%/1.2 wt% blend) showed decreases of 4.34 ± 

1.07% and 0.72 ± 0.74% in area after 5 and 10 minutes of crosslinking, respectively. An 

increase in area of 1.50 ± 2.48% was found after 30 minutes of crosslinking. The PVA-

SA films (7wt%/1.4wt% blend) underwent a slight increase in area of 0.87 ± 3.97% after 

5 minutes of crosslinking time followed by decreases in area of 3.53 ± 3.83% and 0.72 ± 

4.27% after 10 and 30 minutes of crosslinking, respectively. The data in area change 

showed no statistical significance between the samples and the crosslinking time. Studies 

suggested that SA had the potential to shrink/dissolve after crosslinking due to the 

presence of boric acid, whereas swelling could occur for PVA within the blend PVA/SA 

films [93,97]. 

The changes in thickness of PVA/SA films (5wt%/1wt% blend) showed no 

change after 5 and 30 minutes of crosslinking, whereas an increase of 0.55 ± 1.16% in 

thickness was found after 10 minutes of crosslinking (Figure 22C). The changes in 

thickness were 1.28 ± 2.22% and 0.95 ± 2.02% for PVA/SA films (6wt%/1.2wt% blend) 

after 5 and 10 minutes of crosslinking, respectively. After 30 minutes of crosslinking 

time, the thickness of the film decreased 0.72 ± 1.54%. The change in thickness of 
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PVA/SA films (7wt%/1.4wt% blend) underwent increases of 1.45 ± 2.51% and 1.01 ± 

1.75% after 10 and 30 minutes of crosslinking, respectively. There was no thickness 

change on samples after 5 minutes of crosslinking. Minor changes in thickness were 

observed due to effects of hydrolytic degradation in SA and swelling of PVA from blend 

PVA/SA films [93,101] Overall, our methods showed the stabilization of PVA/SA 

chemical structure resulting in minimal morphological changes. 

 

Figure 25. PVA/SA sample films crosslinked with the mixture of CaCl2/boric acid 

solutions for 5, 10, and 30 minutes. 
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It is well known that the carboxylate groups of SA form hydrogen bonds with the 

hydroxyl group of PVA [102]. This effect explains the stabilization of PVA/SA films on 

their physical appearances during the crosslinking procedure. By nature, both PVA and 

SA are highly soluble in water and their solubility can be reduced by crosslinking where a 

stable 3D network of molecular structure is formed [103]. To achieve this properties, SA 

is crosslinked with CaCl2 which displace the Na+ ions with the Ca2+ ions that give more 

restrains to the SA molecule structure [104]. On the other hand, PVA is crosslinked with 

boric acid, resulting in limiting the mobility of the molecular chain due to hydrolysis 

[84]. In present study, both crosslinking techniques were utilized to enhance the stability 

of the molecular network of blend PVA/SA films. The resulting physical properties 

suggested that by controlling the thickness of the films through the adjustments of 

polymer concentrations during solvent casting, PVA/SA films had stable appearances 

suitable for practical uses in wound dressings. 

5.8 Chemical analyses: FTIR 

Fourier-transform infrared (FTIR) spectroscopy was used to analyze the changes 

in the molecular structure before and after crosslinking of the PVA/SA blend films at 

various thicknesses. Figure 23 showed the FTIR characteristics peaks of various 

thicknesses of PVA/SA samples, observed from 700 cm-1 to 4000 cm-1 wavenumbers, on 

the controls (uncrosslinked blend PVA/SA films) as well as the crosslinked PVA/SA 

films using a mixture of CaCl2 and boric acid for 5, 10, and 30 minutes, respectively. 

Table 7 listed the peak assignments for the characteristic peaks measured from PVA/SA 

films. 
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The FTIR spectra for the blends of PVA/SA films at various weight percent (i.e., 

thickness of the films) showed a characteristic broad band of intermolecular hydrogen 

bond (OH) between 3400 and 3200 cm-1 related to the molecular structure of SA [78,95]. 

A characteristic band of alkyl (-CH2) stretching at between 2925 and 2853 cm-1 and a 

characteristic band of C=O stretching, related to the primary amides and located between 

1700 and 1600 cm-1, were observed in the spectra [78,95]. 

The FTIR spectra also revealed relevant data supported by literatures regarding 

the blend PVA/SA films. Specifically, the IR spectra showed a SA characteristic 

absorption band for carboxylic groups around 1419 cm-1, and an absorption peak was 

noted between 1150 – 1050 cm-1 displaying the presence of the PVA structure [95]. Also, 

a weak band at around 1412 cm-1 is related to (-C-H) deformation in the (-CH2) groups 

[78]. A peak between 1,600 cm-1 and 1,410 cm-1 suggests a significant interaction 

between PVA and SA through alkyl (-CH2) groups, which is the formation of a hydrogen 

bond between the carboxyl group of SA and the hydroxyl group of PVA [95,102]. 
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Figure 26. FTIR spectra of uncrosslinked blank PVA/SA films (Control) and crosslinked 

PVA/SA films with a mixture of CaCl2/boric acid solutions for 5, 10, and 30 minutes, 

showing (a) 5wt%/1wt% PVA/SA, (b) 6wt%/1.2wt% PVA/SA, and (c) 7wt%/1.4wt% 

PVA/SA. 
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Table 7. Characteristics peaks observed on crosslinked PVA/SA films with CaCl2 and 

boric acid for 5, 10, and 30 minutes and a PVA/SA blank film. 

FTIR Analysis – Wavenumber (cm-1) 

 

Stretch 

Control 

PVA/SA 

Films 

PVA/SA (5wt%/1wt% blend) crosslinked with a 

mixture of CaCl2/boric acid solution 

5 min 10 min 30 min 

C=O 1723 1729 1763 1769 

C-H 2982 2995 2996 3000 

O-H 3615 3625 3644 3645 

 

Stretch 

Control 

PVA/SA 

Films 

PVA/SA (6wt%/1.2wt% blend) crosslinked with a 

mixture of CaCl2/boric acid solution 

5 min 10 min 30 min 

C=O 1701 1740 1759 1765 

C-H 2976 2983 2996 3007 

O-H 3631 3645 3647 3676 

 

Stretch 

Control 

PVA/SA 

Films 

PVA/SA (7wt%/1.4wt% blend) crosslinked with a 

mixture of CaCl2/boric acid solution 

5 min 10 min 30 min 

C=O 1721 1746 1759 1765 

C-H 3001 2996 2991 2990 

O-H 3599 3610 3611 3647 
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5.9 PVA-SA Mechanical Properties 

Uniaxial tensile tests were performed on crosslinked PVA/SA samples of various 

thicknesses. Five rectangular shape PVA/SA samples were used for tensile test to 

evaluate the changes in elastic modulus and the tensile strength due to crosslinking. The 

quantitative results of control (uncrosslinked) and crosslinked PVA/SA films on the 

elastic modulus and tensile strength are shown in Figure 24. The average values of elastic 

moduli and tensile strength are summarized in Table 8. 

The average the average elastic moduli of PVA/SA films (5wt%/1wt% blend) 

crosslinked with a mixture of CaCl2/boric acid solutions for 5, 10, and 30 minutes were 

389 ± 99 MPa, 399 ± 42 MPa, and 518 ± 55 MPa, respectively. The elastic moduli of the 

5- and 10-minute crosslinking samples were lower than that of the control groups (490 ± 

40 MPa), sample without crosslinking. The average tensile strength of PVA/SA films 

(5wt%/1wt% blend) crosslinked with a mixture of CaCl2/boric acid solutions for 5, 10, 

and 30 minutes were 28.1 ± 2.4 MPa, 30.0 ± 4.4 MPa, and 32.7 ± 7.5 MPa, respectively, 

whereas the uncrosslinked control groups received an average tensile strength of 29.7 ± 

1.2 MPa. 

The average elastic moduli of PVA/SA films (6wt%/1.2wt% blend) crosslinked 

with a mixture of CaCl2/boric acid solutions for 5, 10, and 30 minutes were 570 ± 94 

MPa, 601 ± 93 MPa, and 963 ± 83 MPa, respectively. These values were considerably 

higher than that of the uncrosslinked control groups (538 ± 133 MPa). The average 

tensile strength of PVA/SA films (6wt%/1.2wt% blend) crosslinked with the a mixture of 

CaCl2/boric acid solutions for 5, 10, and 30 minutes were 38.2 ± 2.7 MPa, 35.0 ± 1.0 
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MPa, and 52.7 ± 14.6 MPa, respectively, whereas the uncrosslinked control groups 

showed an average tensile strength of 35.3 ± 10.7 MPa. 

The average elastic moduli of PVA/SA films (7wt%/1.4wt% blend) crosslinked 

with a mixture of CaCl2/boric acid solutions for 5, 10, and 30 minutes were 504 ± 79 

MPa, 716 ± 50 MPa, and 1144 ± 174 MPa, respectively. These elastic moduli were 

significantly higher than that of the uncrosslinked control group (440 ± 46 MPa). The 

average tensile strength of PVA/SA films (7wt%/1.4wt% blend) crosslinked with a 

mixture of CaCl2/boric acid solutions for 5, 10, and 30 minutes were 34.3 ± 7.1 MPa, 

35.3 ± 8.4 MPa, and 42.0 ± 1.0 MPa, respectively, whereas the average tensile strength of 

the uncrosslinked control groups was 28.7 ± 2.3 MPa. 

Overall, the tendency on the average elastic modulus and the tensile strength after 

crosslinking of the blend PVA/SA films increased as increasing the crosslinking time. 

Moreover, our data suggested that increasing the weight percent of PVA/SA films (i.e., 

increase the thickness of the film), the mechanical properties of the corresponding 

membranes were enhanced.  
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Figure 27. Mechanical properties of PVA/SA films showing (a) average elastic modulus 

and (b) average tensile strength after crosslinking in the mixture of CaCl2/boric acid 

solutions for 5, 10, and 30 minutes. 
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Table 8. Mechanical properties of PVA/SA films crosslinked in the mixture of 

CaCl2/boric acid solution for 5, 10, and 30 min. 

Mechanical Properties 

 

 

Control 

PVA/SA 

Films 

PVA/SA (5wt%/1wt% blend) crosslinked with a 

mixture of CaCl2/boric acid solution 

5 min 10 min 30 min 

E (MPa) 490 ± 40 389 ± 99 399 ± 42 518 ± 55 

σT.S. (MPa) 29.7 ± 1.2 28.1 ± 2.4 30.0 ± 4.4 32.7 ± 7.5 

 

 

Control 

PVA/SA 

Films 

PVA/SA (6wt%/1.2wt% blend) crosslinked with a 

mixture of CaCl2/boric acid solution 

5 min 10 min 30 min 

E (MPa) 538 ± 133 570 ± 94 601 ± 93 963 ± 83 

σT.S. (MPa) 35.3 ± 10.7 38.2 ± 2.7 35.0 ± 1.0 52.7 ± 14.6 

 

 

Control 

PVA/SA 

Films 

PVA/SA (7wt%/1.4wt% blend) crosslinked with a 

mixture of CaCl2/boric acid solution 

5 min 10 min 30 min 

E (MPa) 440 ± 46 504 ± 79 716 ± 50 1144 ± 174 

σT.S. (MPa) 28.7 ± 2.3 34.3 ± 7.1 35.3 ± 8.4 42.0 ± 1.0 
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Chapter 6: Conclusions and Future Work 

In this research work, pure PVA, pure SA, and blend PVA/SA membranes were 

fabricated by solvent casting method followed by crosslinking methods in pure CaCl2, 

boric acid, and a mixture of CaCl2/Boric acid. The various films were studied considering 

their physical appearances, chemical compositions using FTIR, and mechanical 

properties using tensile testing to evaluate their potentials as a platform in wound 

dressing. Initial studies showed that pure PVA and pure SA films exhibited large 

deviations in physical and mechanical properties due to the distortion of their mechanical 

structure. Most importantly, the blend PVA/SA films maintained their physical shapes 

after crosslinking, suggesting an ideal processing parameter to proceed for film 

optimization. 

According to all physical properties (e.g., weight, thickness, and area), thickness 

appears to be the dominating factor in influencing the mechanical properties of the 

crosslinked films. As a result, further exploration was carried out to study various 

concentrations of polymer solutions in solvent casting to achieve quality control on the 

final thickness of the cast films. Various weight fractions of PVA/SA membranes were 

produced and characterized for their physicochemical and mechanical properties targeting 

possible applications as a wound dressing. Results showed that crosslinking of PVA/SA 

films in a mixture of CaCl2/Boric acid solutions experienced minimal physical changes, 

suggesting an improvement in manufacturing and crosslinking processes. 

After crosslinking, the chemical structure of the blend PVA/SA films showed a 

SA-related band of hydroxyl bond (O-H) stretching between 3400 and 3200 cm-1, a 
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carboxyl band (C=O) stretching between 1700 cm-1 and 1600 cm-1, a C-H stretching 

between 1700 cm-1 and 1600 cm-1, and a (-CH2) peak between 1600 cm-1 and 1410 cm-1 

associated with iteration between carboxyl groups of SA and the hydroxyl groups of 

PVA. The study in chemical structure of the PVA/SA films by FTIR indicated the 

abilities in crosslinking of the polymers, which provides the potential platform in wound 

dressings. 

The mechanical properties of the PVA/SA films showed that the average elastic 

moduli and average tensile strength increased with increasing crosslinking time in the 

mixture of CaCl2/boric acid solutions. The improvements in mechanical properties were 

supportive of the findings of chemical analysis work, suggesting a stronger molecular 

network after crosslinking. This study demonstrated that the physicochemical properties 

of the PVA/SA films were related to their corresponding mechanical properties, which is 

beneficial to the design and manufacturing of the film based wound dressing. 

For future work, it is suggested to investigate the effects of various ratios of blend 

PVA/SA membrane, especially for those containing a higher amount of SA. Another area 

in the fabrication of PVA/SA membrane that is worthwhile to study is to explore the 

effects of various crosslinking times, less than 5 minutes, with different CaCl2 and boric 

acid content in the crosslinking solution. The content of the polymer, the concentration of 

the crosslinking solutions, and the crosslinking time may have significant implication in 

the dissolution properties of the membranes. Other suggested characterization methods 

include water contact angle study and differential scanning calorimetry (DSC) to 

understand the surface and thermal properties of the membrane, respectively. Finally, it is 
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suggested that with the membranes can be loaded with various small molecule drugs for 

the investigations on the effects of crosslinking of PVA/SA membranes for drug delivery.
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