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Wound dressing is an important medical product. Antibacterial wound dressing 
has an important role in an infection wound care. However, antibacterial wound dressing 
is expensive and has a few domestic manufacturing. This study aimed to prepare a 
hydrogel antibacterial wound dressing from gelatin and polyvinyl alcohol (PVA). The 
gelatin hydrogels and gelatin/poly(vinyl alcohol)(PVA) hydrogels were prepared by 
gamma irradiation. A 15 wt% gelatin solution was mixed with a 15 wt% PVA solution at 
different weight ratios of 100:0, 80:20, and 60:40 w/w, and irradiated at 30, 40, or 50 kGy. 
The results showed that the addition of PVA can enhance both the durability and the 
mechanical integrity. The hydrogels made from the 60:40 composition at 30 kGy were the 
most appropriated selection. This condition was then chosen to add silver nitrate (AgNO3) 
at 0.25, 0.50, 0.75, or 1.00 wt% (based on solid content). Formation of silver nanoparticles 
(AgNPs) was discovered after irradiation. The AgNP/gelatin/PVA hydrogels were 
characterized for their physical properties, cytotoxicity, and antibacterial activity against 
Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), and Methicillin-resistant S. 
aureus (MRSA). The results indicated that the AgNP/gelatin/PVA hydrogels had a potential 
to used as an anti-bacterial wound dressing. The hydrogels in this study had appropriate 
physical properties, low-cytotoxicity, and antibacterial activity. 
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CHAPTER 1 
INTRODUCTION 

1.1 Background and Rationale 

 Wounds are serious problems in global healthcare. Wounds can be caused by 
damage of tissue, accident, or injury. The prevalence of wounds among inhabitants of the 
EU 27 was estimated at 3-4 per 1,000 people (1.5-2.0 million from 491 million people). 
Patients with wounds were 25-50% of the patients of acute hospital beds (1). In the United 
States, the National Center for the Prevention and Control of Injuries reported the numbers 
of injuries from burns were approximately 450,000 cases that required medical cares, and 
the number of death around 3,400 cases per year (2). Illnesses, such as diabetes, can 
also cause wounds. In 2010, about 18.8 million people of the United States have 
diagnosed as diabetes (3). Approximately 25% of the diabetes patients would progress 
diabetic foot ulcers (4). The treatment of foot ulcers was very costly (around 7,439–20,622 
US Dollars per episode) (5). The total cost payment of the cure of diabetic foot ulcers in 
2001 was 9 billion US Dollars (6). In 2013, Medicinal and pharmaceutical imported 
products in Thailand worth 67,009 million baht (7). Information from a database of medical 
supplies in Songkhlanagarind Hospital from November 2007 to March 2008 showed that 
the hydrocolloid wound dressings, size 4"×4" and 8"×8", were purchased about 109 and 
47 sheets respectively per month (8). Majority of commercial antibacterial wound 
dressings in Thailand are import products.  
 
 A traditional wound dressing, such as gauzes and bandages, can only protect 
wound from harm and dirt. Gauzes also cause pain during changing or removing (9).  A 
modern wound dressing has been improved to be able to moisten the wound area which 
stimulates the wound healing (10). Modern wound dressings are divided into several 
categories which are semi-permeable films, foams, alginates, hydrocolloids, hydrogels, 
and hydroactive (10, 11). Each category has its own disadvantages. For example, alginate 
dressings could disturb healing of dry wounds (10). The characteristics of an ideal wound 
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dressing are providing moisture to wound area, vaporous exchange, prevention of 
infection, absorption of excess exudate, and low adherence (12). Hydrogel could provide 
almost all characteristics of an ideal wound dressing (13).  
 
 Hydrogels are polymeric network structures which contain water or fluid within 
their structure. Hydrogel can be applied in food industry (14), biomedical application, 
tissue engineering, and pharmaceutics (15). Gamma radiation is one of the crosslinking 
methods to prepare crosslinked hydrogels. Moreover, gamma radiation dose of 25 kGy 
has been suggested for a sterilization of medical products (16). Therefore, hydrogels 
could be prepared and sterilized in one single step by using gamma irradiation. 
 
 Gelatin is a biopolymer, which is used in many applications such as food industry, 
adhesive glue, and pharmaceutical manufactures (17, 18). It is a protein obtained by 
hydrolysis of collagen. A simple gelatin gelation can occur by heating a gelatin solution 
at a temperature over 40°C and then cooled down (17). However, the gelatin hydrogels 
formed by this method are unstable and easily deforms when applied at body temperature 
(37°C). The gelatin hydrogel should then be crosslinked before used as biomedical 
materials at the body temperature (19). A weak point of gelatin hydrogel is its poor 
mechanical property (20). Addition of a synthetic polymer can improve the mechanical 
property. The outcome material, which is a mixture of both synthetic and natural polymers, 
could show improved mechanical property and proper biocompatibility (21). Poly(vinyl 
alcohol) (PVA) is a water-soluble synthetic polymer which is usually mixed with other 
natural polymers. PVA has good water retention and film forming properties. It is used in 
biomedical applications such as wound dressing, artificial skin, and cardiovascular 
device (22, 23). Both gelatin and PVA solutions can be crosslinked by gamma radiation 
(17, 24). Although hydrogel can provide moisture to wound area, but the wet environment 
is also suitable for the growth of bacteria (25). As a result, a use of antibacterial or 
antiseptic agent is needed. 
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 Silver and silver compounds are effective antibacterial agents. It was known long 
time ago that the silver ions (Ag+) can destroy or inhibit the growth of many bacterial 
species (26). Franciscus Sylvius, a Dutch physician, first used silver nitrate (AgNO3) in the 
treatment of wounds since the 17th century. Treatment with the use of 0.5% AgNO3 solution 
is the standard treatment for burn wounds (27). In recent years, the use of silver in the 
form of nanoparticles has significantly increased. The tiny size of the particles and huge 
surface area assist the faster dissolution of Ag+ than bulk silver. The silver nanoparticles 
(AgNPs) can demonstrate antibacterial effect itself. AgNPs which can kill bacteria 
effectively have approximately 1-10 nm in diameter (28). There are several synthesis 
methods of AgNPs such as chemical reduction by using sodium borohydride, heat 
treatment, and ultraviolet or gamma irradiation (29). Gamma irradiation can reduce Ag+ 
by the hydrated electron and secondary radicals which formed by water radiolysis in 
solution with water as solvent (30). 
 
 This research then aims to prepare gelatin/PVA hydrogel sheets containing 
AgNPs. The hydrogels were crosslinked by gamma irradiation. AgNPs, which were used 
as antibacterial agents, were synthesized by gamma irradiation. The antibacterial agents 
were expected to prevent growth of bacteria on the hydrogel. AgNPs also expected to 
have an effective antibacterial activity and the least toxicity to human fibroblast cells. The 
hydrogels were tested for the necessary properties of wound dressing. This hydrogel 
sheet is expected to be used as an antibacterial wound dressing, which could reduce the 
cost of imported medical products.  
 
1.2 Research Objectives 

 1.2.1 To prepare and characterize gamma-ray irradiated gelatin/PVA hydrogels 

incorporating with AgNPs 

 1.2.2 To determine the cytotoxicity and antibacterial effects of AgNP/gelatin/PVA 
hydrogels using fibroblast cells and bacteria (in vitro testing) 
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1.3 Scope of the Research 

 Part I: Preparation and Characterization of Gelatin/PVA Hydrogel 
 1. Prepare gelatin hydrogels and gelatin/PVA hydrogels by gamma irradiation. The 
variables are the ratios of the PVA and gelatin solutions, and doses of gamma radiation. 
 2. Characterize the properties of gelatin/PVA hydrogels  
  2.1 Water holding capacity and swelling ratio 
  2.2 Water vapor transmission rate (WVTR) 
  2.3 Tensile test 
  2.4 In vitro biodegradation 
  2.5 Gel fraction 
 
 Part II: Preparation and Characterization of Gelatin/PVA Hydrogel Containing 
AgNPs 
 1. Prepare AgNP/gelatin/PVA hydrogels by gamma irradiation. The variables is 
ratios of the AgNO3 to solid weight of hydrogel. 
 2. Characterize the properties of AgNP/gelatin/PVA hydrogels 
  2.1 Water holding capacity and swelling ratio 
  2.2 Water vapor transmission rate 
  2.3 Tensile test 
  2.4 In vitro biodegradation 
  2.5 Gel fraction 
  2.6 Morphology 
  2.7 Chemical property 
 3. Characterize the AgNPs formation 

  3.1 Surface plasmon resonance (SPR) phenomenon 
  3.2 Size distribution of AgNPs 
  3.3 Elemental analysis 
  3.4 Silver-release 
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 Part III: Determination of the Cytotoxicity of AgNP/gelatin/PVA Hydrogels on 
Fibroblast Cells and Antibacterial Effects (In vitro Testing)  
 1. In vitro cytotoxicity test of AgNP/gelatin/PVA hydrogels on human fibroblasts. 
 2. Antibacterial effects of the AgNP/gelatin/PVA hydrogels  
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CHAPTER 2 
RELEVANT THEORY AND LITERATURE REVIEW 

2.1 Wound 

 A definition of wound in Dorland’s Illustrated Medical Dictionary is “an injury or 
damage, usually restricted to those caused by physical means with disruption of normal 
continuity of structures” (31). Wound is an injury to the body tissues caused by a cut, hit, 
extreme heat, extreme cold, chemical, radiation, electricity, or other factor, which can 
harm the tissue (32). An assortment of wound can be classified in many ways which 
depend on the criteria and objectives of classification. 
 
 2.1.1 Types of Wound 

 
  2.1.1.1 Based on the Duration of Wound Repair 
 

(1) Acute wound 
Acute wounds are the immediate wounds. They take a short time to heal 

completely, approximately 8-12 weeks (33). There are several causes of acute wound 
such as surgical incisions, burns, abrasion, and rupture. 
 
  (2) Chronic wound 
  Chronic wounds heal slowly, that take time more than 12 weeks (34). 
Chronic wounds often take step at any stage of the phases of wound healing, such as the 
inflammatory process, for long time (35, 36). Diabetes, poor blood circulation, repeated 
trauma, and malignancy can conduce to chronic wounds. 
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  2.1.1.2 Based on the Types of Injuries (32, 37) 
 
  (1) Non-penetrating wounds: This kind of wound does not pass through 
tissues. 
   - Abrasions 
   Abrasions (grazes or scrapes) are scrapings of the superficial skin 
layer. The damage occurs on epidermis only.    

- Lacerated wound 
   Lacerated wounds (lacerations) are the open wound that induced 
by impact of a blunt object. Wound edges may be ragged. 
   - Contused wound 
   Contused wounds (contusion or bruises) also caused by an attack 
of a blunt object, but the outer layer of tissue dose not open. These closed wounds have 
the bleedings inside the wounds which are ecchymosis or hematoma. 

- Concussion 
Concussions are the injury of the underlying tissue or organs of 

head such as brain and spinal cord. 
 

  (2) Penetrating wounds: The injuries break through the tissues and organs 
   - Incised wound 
   Incised wounds (penetration, incisions, or cut wound) are caused 
by sharp objects such as a knife, blade, or glass. Wound edges are often smooth.   
   - Gunshot wound 
   Gunshot wounds (ballistic trauma) are the result from firearm 
shooting.  
 
  (3) Miscellaneous wounds 
   - Thermal and electrical wound 
   Very hot or cold temperature and electricity can damage the tissue 
and organs, for example, burn, scald wound, sunburn, and frostbite. 
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   - Chemical wound 
   Chemical wound (chemical burn) is the result of exposure to 
corrosive chemical, acid, and base. 
   - Bites and stings 
   Wound can be caused by other organisms, for example, bites from 
humans and animals, and stings from insects.  
 Moreover, internal factors such as poor blood circulation, diabetes can also cause 
wound. For example, foot ulcers are problems in people with diabetes, and bedsores 
threaten the disabled patients.   
 
 2.1.2 Stages of Wound Healing 

 Wound healing is a biological process for repair itself. Definition of wound healing 
process is “a complex dynamic process that results in the restoration of anatomic 
continuity and function” (38). The process is divided into 3 to 5 phases depend on the 
way of connecting between stages. Each reference has different numbers of steps. For 
example, Schultz (1999) (39) divides the wound healing process into 5 steps, which are 
haemostasis, inflammation, migration, proliferation and maturation phases. Robert F. 
Diegelmann and Melissa C. Evans (2004) divide the wound healing into 4 phases which 
are hemostasis, inflammation, proliferation and remodelling (40). For this chapter, the 
three stages of wound healing process described by Gurtner, G. C., et. al. (2008) (41), 
which is presented in Figure 2.1, are used. 

 
  2.1.2.1 Inflammation 
  After tissue injury, tearing of blood vessels and tissues are occurred. 
Bleeding flush the antigens and bacteria from the wound, and stimulate hemostasis. 
Vascular responses within a few seconds. Vasoconstriction helps to stop bleeding and 
decrease bacterial contamination. Hemostasis is the body reaction to prevent bleeding 
and loss of fluid. Platelets gather at the wound site to build a blood clot. The follow step is 
formation of fibrin matrix. Thrombin catalyzes the conversion of soluble fibrinogen into 
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insoluble fibrin which performs as the scaffold for immigrating cells move to the wound 
area.  
 
  While hemostasis is processed, the inflammation is occurred almost the 
same time. Inflammation is a response of the body against pathogens, trauma, or other 
factors that harm tissues. The inflammation can stay up to 3 days after tissue injury. The 
first type of white blood cell that comes out to ingest foreign agents is neutrophil. After a 
few days, usually 2-3 days, the next white blood cell that appears in the injury site is 
monocyte. Monocytes circulate in the blood circulation and then migrate into tissues. 
When monocyte moves into tissues, it differentiates into macrophage which recognizes 
and destroys antigen or damaged tissues. Macrophage is an important cell in correlation 
of inflammation and tissue repair (42). There is other type of white blood cell in wound 
area, lymphocyte, which serves as phagocytes. Lymphocyte also destroys antigen.   
 
  2.1.2.2 New Tissue Formation 
  The second stage is new tissue formation. This stage includes migration 
and proliferation of cells. The migration process starts with the moving of keratinocytes to 
the injured dermis. Epithelial cells and fibroblasts also move to ruined area. The 
proliferative phase occurs nearly the same time as the migration phase about after the 
third day. The capillaries and lymphatic vessels grow into the wound. The vital growth 
factors that regulated the angiogenesis in this stage are vascular endothelial growth factor 
A and fibroblast growth factor 2 (43). Fibroblasts and myofibroblasts create collagen 
which represented as extracellular matrix. Finally, this collagen can become a mature scar 
(44). 
 
  2.1.2.3 Remodelling 
  The last stage is remodelling or maturation phase. The processes that 
occurred in the earlier stages are fewer and stop finally. The majority of cells in wound 
healing process, which are endothelial cells, macrophages, and myofibroblasts, enter into 
apoptosis or migrate from the wound area. Epithelial–mesenchymal interactions may 
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control skin integrity and homeostasis (45). Within months or maybe two years, an 
acellular matrix is formed by changing of cellular granular tissue. Although many 
processes are happened, but the injured tissue can not recover the feature of uninjured 
skin (46). 
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Figure 2.1 Three stages of wound healing: (a) inflammation, (b) new tissue formation, 
and (c) remodelling 
Source: Gurtner, G. C., et. al. (2008) (41) 
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 2.1.3 Factors Influencing Wound Healing 

 Many factors can affect wound healing process. The wound healing process can 
be interrupted or impaired by local factors (such as oxygenation) and systemic factors 
(such as nutrition or health condition) (47). The factors influencing wound healing are 
listed as follow. 
 
  2.1.3.1 Oxygenation 
  Oxygen has an important role in cellular metabolism and all phases of 
wound healing. In inflammatory phase, oxygen helps to prevent infection. Oxygen 
increases cell production in proliferation phase. Collagen synthesis, collagen cross-
linking, and maturation phase also needed oxygen (48). After the tissue injury, the 
vascular breaks and the cellular activity requires high oxygen consumption. These events 
lead to depletion of oxygen in the microenvironment of wound (49). Hypoxia plays a role 
to motivate the beginning step of wound healing process and induces cytokine, which are 
platelet-derived growth factor, transforming growth factor-β, vascular endothelial growth 
factor, tumor necrosis factor-α, and endothelin-1. These cytokine are significant in wound 
healing process. Hyperoxia also affects wound healing. Hypoxia and hyperoxia enhance 
reactive oxygen species (ROS) production (50). However, a large quantity of ROS can 
lead oxidative damage (51). 
 
  2.1.3.2 Infection 
  When a wound occurs, microorganism can enter the tissue in wound area. 
Microorganisms, especially bacteria, cause wound damage depend on three factors, 
which are immunity of patient, number and type of bacteria. An existence of bacteria is 
divided into contamination, colonization, and infection. The presence of bacteria that do 
not replicate or harm is called contamination. When the number of bacteria increases, but 
the injury does not occur. This event is called colonization. Bacterial infection, which is 
local, spreading, and systemic infection, can cause tissue damage (52). 
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 Wound infection could be identified by inflammation. Bacterial infection may delay 
inflammation process. Level of pro-inflammatory cytokines (interleukin-1 and tumor 
necrosis factor-α) can be increased by bacteria and endotoxins. This consequence may 
prolong the inflammatory phase and lead wound into chronic state and unsuccessful 
healing. Bacteria that generally isolated from clinically non-infected and infected wounds 
are Staphylococcus aureus, Pseudomonas aeruginosa, and β-haemolytic streptococci 
(53). 
 
  2.1.3.3 Desiccation 
  In 1962, George D. Winter discovered that a dry scab can delay the 
epithelization of superficial wounds in porcine, but the epithelization process is quick in a 
moist surrounding (54). Winter’s study introduced a moist wound healing concept. Human 
wound fluid enhances fibroblast proliferation (55). A moisture-retentive wound dressing 
decreases desiccation or dehydration and cell death, increases migration of epidermal 
and angiogenesis (12). Autolytic debridement in wounds could be promoted by moist 
wound environment (56). Moreover, wound healing under the environment of moisture is 
less painful than a dry wound. 
 
  2.1.3.4 Nutrition 
  Nutrition is an essential factor in wound healing process. Carbohydrates 
and fat are an energy reserve for wound healing. Glucose, which is a monosaccharide, is 
the important energy source for cellular adenosine triphosphate (ATP) synthesis. 
Angiogenesis and tissue deposition need energy from ATP (57). A lack of protein 
influences synthesis of collagen, wound remodelling, and immune system. Leukocyte 
phagocytosis also declines. This event leads to more risk of infection (58). 
 
  Vitamins and trace elements, which are micronutrients, also have an 
important role in wound healing process. The deficiencies of vitamins and trace elements 
have a number of effects on wound healing, such as decrease in immune response, and 
increase in infection susceptibility. The reduction of collagen synthesis, fibroblast 
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proliferation, angiogenesis, and capillary strength could be the result of the lack of 
vitamins C (59, 60). Vitamin A has a role in anti-oxidant activity, cellular differentiation, 
fibroblast proliferation, and collagen and hyaluronate synthesis (61). Advantages of 
vitamin E on wound healing are anti-oxidant property, anti-inflammatory properties, and 
reducing excess scar formation (59, 61). A task of trace elements is being a co-factor for 
wound repairing. Synthesis of protein and collagen requires magnesium. Cytochrome 
oxidase and cytosolic anti-oxidant superoxide dismutase are emzymes that need copper 
for being a co-factor. Ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) 
polymerase require zinc. Hydroxylation of proline and lysine is a process that requires iron 
(57, 59, 60). 
 
  2.1.3.5 Health Conditions 
  Health and physical conditions influence wound healing process. An 
elderly age correlates with delayed wound healing. The inflammatory response changes 
in elderly people. T-cell migrates to wound area slowly and chemokine production 
changes. Macrophage phagocytic capacity also decrease (62). Platelet aggregation and 
inflammatory mediator secretion increase. Processes and activities in proliferation and 
inflammation delay. Wound strength and collagen remodelling also decrease (63). Many 
diseases can cause chronic wound, such as diabetes. The impact of diabetes is shown 
in Figure 2.2. Moreover, medications, especially glucocorticoid steroids, non-steroidal 
anti-inflammatory drugs, and chemotherapeutic drugs, affect wound healing process (47). 
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Figure 2.2 The potential effects of diabetes on wound healing. 
MMPs, matrix metalloproteases; ROS, reactive oxygen species; AGEs, advanced 
glycation end-products. 
Source: Guo & DiPietro (2010). (47) 
 

2.2 Wound Dressing 

 
 2.2.1 Types and Properties of Wound Dressing 

 At present, wound dressings have developed greatly. The former wound dressing, 
which is a passive product, does not directly promote wound healing. It only covers wound 
area to prevent the wound from external environment, such as gauze dressings (64). 
Nowadays, the concept of modern wound dressing has changed to be an active product 
that provides an optimal environment for wound healing (54), especially moist wound 
environment and antibacterial activity. 
 
 Properties of ideal wound dressing are listed below (12).  

1) Provide a moist environment to the wound area 
2) Absorb excess blood and exudates from wound 
3) Allow gas and vapor exchange 
4) Prevent wounds from bacterial infection 
5) Be non-adherent to the wound surface and able to remove without trauma 
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The Food and Drug Administration of the United States of America (FDA) has 
classified the types of wound dressing into 5 categories (65). 

1) Non-resorbable gauze/sponge dressing for external use 
2) Hydrophilic wound dressing 
3) Occlusive wound dressing 
4) Hydrogel wound and burn dressing 
5) Interactive wound and burn dressing 
 
According to its utilization, wound dressing can be classified into two 

classifications.   
1) First-line interactive/bioactive dressings: interact with the wound surface and 

adjust the environment to optimize healing. The summary of first-line interactive/bioactive 
dressings is listed in Table 2.1. 

2) Second-line dressings: promote and assist the healing process of first-line 
dressing. The summary of second-line dressings is listed in Table 2.2.  
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Table 2.1 First-line interactive/bioactive dressings  
Dressing Brand names Indications 

Semi-
permeable 
films 

Aqua protect film, Bioclusive, 
Cutifilm, Hydrofilm, Opsite 
(Flexigrid, Flexifix, Post-Op), 
Polyskin, Tegaderm 

Non-absorbent; superficial burns, grazes, 
closed surgical incisions, small skin tears 
and IV sites; secondary dressing 

Foams Allevyn (adherent, non-adherent, 
wound cavity dressing), Cavi-care, 
Curafoam, Hydrosorb, Lyofoam 
(flat, extra, C, T, A), PermaFoam, 
Tegafoam, Truefoam 

Moderate to heavily exudating, superficial 
and cavity wound, venous ulcers (with 
compression), pretibial lacerations, infected 
ulcers, skin tears, pressure ulcers, skin grafts 
or donor site, pilonidal sinuses. 

Alginates Algisite M, Algoderm, Comfeel  
SeaSorb, Curasorb, Kaltostat, 
Melgisorb, Sorbsan 

Need exudate to function. Heavily exudating 
leg ulcers, pressure ulcers and dehisced 
abdominal wounds. 

Hydrocolloids Comfeel (ulcer dressing, 
transparent, contour dressing), 
CombiDERM, DuoDERM (extra 
thin, CGF, paste), Hydrocoll, 
RepliCare, Tegasorb 

Light to moderately exudating wounds that 
would benefit from autolytic debridement. 
Leg ulcers, pressure ulcers, burns and donor 
sites. Thin sheets are useful over suture lines 
and IV sites. 
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Table 2.1 First-line interactive/bioactive dressings (continued) 
Dressing Brand names Indications 

Hydrogels Aquaclear, Purilon Gel 
(amorphous), Curafil (amorphous), 
Curagel (sheet), DuoDERM Gel 
(amorphous unpreserved), 
Hypergel (hypertonic saline, 
amorphous), Intrasite Conformable 
(gauze impregnated), Intrasite Gel 
(amorphous unpreserved), Nu-gel, 
Second skin, SoloSite Gel 
(amorphous preserved), Solugel 
(amorphous preserved and 
unpreserved), Sterigel (amorphous) 

Absorbency is limited; best for minimally 
exudating or dehydrated wounds such as 
minor burns, grazes, lacerations, donor sites 
and pressure ulcers. Indications for the 
thicker viscosity products include protection 
of exposed tendon and/or bone from 
dehydrating and rehydrating eschar prior to 
debridement. The thinner viscosity products 
are useful for soothing burns and acute 
lesions such as chicken pox. 

Hydroactive Allevyn Thin, Biatain, Cutinova 
Hydro, PloyMem, Tielle 

Waterproof, expandable, non-residual and 
semi-permeable. Highly exudating surface 
and cavity wounds including leg ulcers, 
pressure wounds and minor burns. Useful 
over joints as they expand/contract without 
causing constriction. Not indicated for dry or 
lightly exudating wounds. 

Source: C. Weller and G. Sussman (2006) (11) 
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Table 2.2 Second-line advanced interactive/bioactive dressings  
Dressing Brand names Indication 

Cadexomer 
iodine 

Iodosorb (sheet, powder, paste) Venous leg ulcers, foot ulcers, and diabetic 
foot ulcers. Contraindicated in patients 
sensitive to iodine products or with any 
thyroid pathology. 

Capillary 
wicking 

Vacutex Heavily exudating and infected wounds. 
Contraindicated in low exudating wounds 
within close proximity to blood vessels. 

Honey Medihoney, B-Naturals, L-Mesitran. 
Medihoney is a blend that includes 
honey from the Leptospermum 
species of plants. Medihoney and 
Medihoney Wound Gels do not contain 
preservatives. BNatural's medicated 
honey is obtained from the Eucalyptus 
marginata and Santalum spicatum 
species of plants and does not contain 
preservatives. L-Mesitran contains 
48% honey, aloe, calendula, zinc 
oxide, medilan and vitamins A, C and 
E. 

May be useful in management of sloughy 
and septic wounds. 

Hydrofibre Aquacel, Aquacel Ag Heavily exudating wounds such as 
dehisced abdominal or pelvic wounds, 
chronic leg ulcers and infected wounds. 
Dressing frequency may be reduced 
depending on level of exudate. 

Hypertonic 
saline 

Curasalt, Hypergel, Mesalt Moist, necrotic, exudating infected wounds. 
May be effective in decreasing 
hypergranulation tissue. 
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Table 2.2 Second-line advanced interactive/bioactive dressings (continued) 
Dressing Brand names Indication 

Interactive 
wet 

TenderWet Infected, sloughy and diabetic wounds 

Silicone Mepitel (non-adherent), Mepilex (non-
adherent, thin, absorbent, border, 
transfer), Mepitac (fixation tape) 
 
Silicone gel sheets: Cica-Care, 
Mepiform, Spenco 

Painful wounds, skin tears, difficult wound. 
Mepitel can be reused, and is usually used 
under another dressing to reduce pain on 
dressing changes. 
They soften and flatten scar tissue and can 
be washed and reused. Large sizes are also 
useful under secondary dressings for 
cancer wounds. 

Silver Acticoat, Acticoat Absorbent (calcium 
alginate), Actisorb 220 (charcoal 
impregnated), Aquacel Ag 
(hydrofibre), Atrauman Ag (wound 
contact tulle), 
Avance, Contreet (hydroactive), 
Contreet-H (hydrocolloid), PolyMem 
Silver 

Wounds with high microbial burden and 
moderate to high exudate. Useful in partial 
and full thickness wounds (burns, donor 
sites) and for complementary use in infected 
or contaminated partial thickness wounds. 

Zinc paste Flexidress, Gelopast, Steripaste, 
Tenderwrap, Viscopaste, Zincaband, 
Zipzoc 

Chronic venous leg ulcers, particularly 
where venous eczema is present and when 
used in conjunction with appropriate 
compression bandaging. 

Source: C. Weller and G. Sussman (2006) (11) 
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 2.2.2 Hydrogel Wound Dressings 

 Hydrogel wound dressings have several properties of an ideal dressing (13). They 
keep moist wound environment, absorb excess exudates, have low adherence, and allow 
water vapor and air exchange. Although there is a large amount of water in hydrogel 
structure, hydrogel can absorb further fluid. The additional absorption is caused by 
hydrophilic residues of hydrogel (66). 
  
 Hydrogel dressings are divided into three types according to their forms (67). 
 1) Amorphous hydrogels, which have unstable shape, are used to apply in a deep 
wound. A secondary wound dressing must be required to keep amorphous hydrogel in 
wound area. Packagings of amorphous hydrogels are tubes, spray bottles, and foil 
packets (68). 
 Examples of commercial amorphous hydrogels include: (69) 
 - Anasept® Antimicrobial Skin & Wound Gel (Anacapa Technologies, Inc.) 
 - AquaSite® Amorphous Hydrogel Dressing (Derma Sciences, Inc.) 
 - Dermagran® Amorphous Hydrogel Dressing (Derma Sciences, Inc.) 
 - INTRASITE* Gel Hydrogel Wound Dressing (Smith & Nephew, Inc.) 
 
 2) Impregnated hydrogels or hydrogel-impregnated gauzes are used in necrosis 
wounds, tunneling wounds, and undermining wounds. 
 Examples of commercial impregnated hydrogels include: (70) 
 - AquaSite® Hydrogel Impregnated Gauze (Derma Sciences, Inc.) 
 - DermaGauze™ (DermaRite Industries, LLC) 
 - Gentell Hydrogel Impregnated Gauze (Gentell Wound and Skin Care) 
 - Kendall™ Hydrogel Impregnated Gauze (Covidien) 
 
 3) Sheet hydrogels, which can absorb liquid and retain the integrity of sheet (71), 
are suitable for shallow or flat wounds. 
 Examples of commercial sheet hydrogels include: (72) 
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 - AquaClear® (HARTMANN USA, Inc.) 
 - AquaDerm™ (DermaRite Industries, LLC) 
 - CoolMagic™ Gel Sheet (MPM Medical, Inc.) 
 - Derma-Gel® Hydrogel Sheet (Medline Industries, Inc.) 
 Hydrogel wound dressings are used in many types of wounds such as pressure 
ulcers, leg ulcers, surgical wounds, skin tears, burns. Hydrogels are also suitable for 
debridement of necrotic tissue (73) and healing diabetic foot ulcers (74). 
 
 2.2.3 Silver Wound Dressings 

 Wound dressings containing silver are mainly used for management of infection 
wound. Examples of commercial silver wound dressings as follow: 
 
1. Acticoat (Smith & Nephew) (75, 76) 
 Acticoat is a dressing coating with nanocrystalline silver used for partial and full-
thickness wounds. Many types of wounds, such as burns, recipient graft sites, and ulcers, 
could be managed by Acticoat. This dressing has bactericidal effect and infection control. 
Components of Acticoat dressing are absorbent inner layer, silver coated layer (Silcryst 
technology), and low adherent polyethylene net. Types of Acticoat dressings are as 
follows. 
  - Acticoat and Acticoat7 
  Acticoat and Acticoat7 are high density dressing, which need water 
moistnees before used. The difference between Acticoat and Acticoat7 is duration of 
wound covering, three days for Acticoat and seven days for Acticoat7. 
  - Acticoat Absorbent 
   Acticoat Absorbent is a calcium alginate dressing with silver. Its function 
is absorbing exudates from wound area. 
  - Acticoat flex3 and Acticoat flex7 
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  Acticoat flex3 (cover duration: three days) and Acticoat flex7 (cover 
duration: seven days) are dressings, which consist of polyester layer and Silcryst silver, 
for wounds with low to moderate exudate amount. 
  - Acticoat site 
  Acticoat site is a disc dressing consisting of silver contact layer, 
polyurethane foam layer, and waterproof polyurethane film layer. This disc with central 
opening could cover around vascular and non-vascular percutaneous device sites. 
 
2. Allevyn Ag (Smith & Nephew) (76) 
 Allevyn Ag is an antimicrobial foam dressing. Its antimicrobial agent is silver 
sulfadiazine (SSD). Allevyn Ag keeps moist environment for wound area and absorbs 
excess exudates. This dressing could cover light to moderately exuding wounds. Allevyn 
Ag has different sizes and patterns, which are Allevyn Ag Heel, Allevyn Ag Sacrum, and 
Allevyn Ag Gentle Border. 
 
3. Aquacel Ag (ConvaTec) (77) 
 Aquacel Ag is a dressing with Hydrofiber technology and 1.2% (w/w) silver. 
Aquacel Ag could absorb and remove exudates from wound area. The dressing has a 
wide range of antimicrobial activity and sustained silver release up to 14 days. There are 
three types of Aquacel Ag. First type is Aquacel Ag dressing, which is a sheet for infection, 
acute, chronic, and burn wounds. Second type is Aquacel Ag ribbon dressing, which is a 
ribbon that suitable for deep or cavity wounds. The last type is Aquacel Ag surgical cover 
dressing, which is a silver-saturated sheet with hydrocolloid adhesive layer and 
polyurethane film. This type is used for surgical incisions. 
 
4. Urgotul SSD (Laboratoires Urgo) (78) 
 Urgotul SSD is a silver sulphadiazine-impregnated dressing for acute, chronic, 
and second-degree burn wounds. Components of Urgotul SSD are polyester mesh that 
composed of carboxymethylcellulose, Vaseline and 3.75% silver sulphadiazine. This 
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dressing prevents secondary infection, be easy removal, and give conformability to 
wound. 
 
5. Atrauman Ag (Hartmann) (79) 
 Atrauman Ag is a non-adherent silver-containing dressing, which composed of 
neutral triglycerides, and polyamide textile with 1 mm-pores. This dressing has effective 
antimicrobial activity and low cytotoxicity. 
 
6. Silvercel non-adherent (Systagenix) (80) 
 Silvercel non-adherent is an absorbent dressing with silver-coated fibers (X-
STATIC) and outer porous film layer. There are two types of Silvercel non-adherent. First 
type is a flat dressing for superficial or exposed wounds. Second type is a rope dressing 
for deep or cavity wounds. Functions of Silvercel non-adherent are wound exudates 
absorption and wound infection control. 
   
  2.2.2.2 Price of Silver Wound Dressings  
  Price of wound dressing is an important part of the cost for medical 
treatment of wounds. Silver wound dressing product have quite high cost. Some products 
may not available in Thailand. 
 
 
 
 
 
 
 
 
 
 



 25 

Table 2.3 Price list of primary wound management products 
Source: Adlington, L., 2012 (81) (First-line choices products are bold letters, where suitable.) 

Dressing Product Size Cost per dressing 
Alginates / Hydrofibres ActivHeal Aquafiber 5 × 5 cm2 £0.76 

10 × 10 cm2 £1.80 
15 × 15 cm2 £3.40 

Aquacel 5 × 5 cm2 £0.98 
10 × 10 cm2 £2.38 
15 × 15 cm2 £4.38 

1 × 45 cm2 (ribbon) £1.76 
Suprasorb A 5 × 5 cm2 £0.59 

10 × 10 cm2 £1.16 
Sorbsan Plus SA 11.5 × 14 cm2 £2.97 

14 × 24 cm2 £5.23 
Antimicrobial Inadine 

(contains Iodine) 
5 × 5 cm2 £0.32 

9.5 × 9.5 cm2 £0.48 

Iodoflex 
(contains Iodine) 

5 g £3.88 

Flamazine cream 50 g £3.85 
Honey Medihoney 

Antibacterial 
medical honey 

20 g £3.96 

Medihoney 
Antibacterial 
Wound Gel 

20 g £4.02 

Medihoney Gel Sheet 5 × 5 cm2 £1.75 
10 × 10 cm2 £4.20 

Medihoney Tulle 10 × 10 cm2 £2.98 
Silver dressings – 
wound contact layer 

Atraumann Ag 5 × 5 cm2 £0.49 
10 × 10 cm2 £1.19 
10 × 20 cm2 £2.32 

Acticoat Flex 3 5 × 5 cm2 £3.38 
10 × 10 cm2 £8.24 
10 × 20 cm2 £12.89 
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Table 2.3 Price list of primary wound management products. (continued) 
Dressing Product Size Cost per dressing 

Silver - absorbent Silvercel 5 × 5 cm2 £1.68 
11 × 11 cm2 £4.14 
10 × 20 cm2 £7.68 

Odour absorbant 
dressings 

Clinisorb 10 × 10 cm2 £1.81 
10 × 20 cm2 £2.41 
15 × 25 cm2 £3.88 

Hydrogels / Hydrogel 
sheets 

Activheal 15 g £1.41 
Hydrosorb 5 × 7.5 cm2 £1.49 

10 × 10 cm2 £2.12 
Intrasite Conformable 10 × 10 cm2 £1.73 

10 × 20 cm2 £2.34 
Fabric island adherent 
dressing 

Primapore 6 × 8.3 cm2 £0.17 
8 × 10 cm2 £0.18 
8 × 15 cm2 £0.32 
10 × 20 cm2 £0.42 
10 × 35 cm2 £0.92 

Films Hydrofilm 6 × 7 cm2 £0.21 
10 × 12.5 cm2 £0.41 
12 × 25 cm2 £0.81 
15 × 20 cm2 £0.92 

Non-adherent 
dressings 

Atrauman 5 × 5 cm2 £0.25 
7.5 × 10 cm2 £0.26 
10 × 20 cm2 £0.59 
20 × 30 cm2 £1.63 

Urgotul 5 × 5 cm2 £1.50 
10 × 10 cm2 £3.00 
15 × 20 cm2 £8.49 

Low adherent 
dressings 

Telfa 7.5 × 5 cm2 £0.12 
10 × 7.5 cm2 £0.15 
15 × 7.5 cm2 £0.17 
20 × 7.5 cm2 £0.29 
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Table 2.4 Price list of dressings which are available in Thailand  
Source: SROmedical Co., Ltd. (2014) (82) (June 2014) 

Dressing Product Size Cost per dressing 
Hydrocolloid Tegaderm 4” × 4” 151.6 baht 

(5 pieces 758 baht) 
Dressing with silver Tegaderm Ag mesh 4” × 5” 280 baht 
Hydrocolloid Tegaderm sacral hydrocolloid 6 3/4” × 6 3/8” 280 baht 

Hydrofiber Aquacel 4” × 4” 239.5 baht 
(10 pieces 2,395 baht) 

Hydrofiber with silver Aquacel Ag 4” × 4” 320 baht 
(10 pieces 3,200 baht) 

Calcium alginate Sorbsan flat 5 × 5 cm2 79.5 baht 
(10 pieces 795 baht) 

10 × 10 cm2 170 baht 
(10 pieces 1,750 baht) 

Semi-permeable Askina thinsite 10 × 10 cm2 250 baht 
(10 pieces 2,500 baht) 

Mesh/hydrocolloid with 
petroleum jelly and 
silver sulphadiazine 

UrgoTul SSD 10 × 12 cm2  175 baht 
(10 pieces 1,700 baht) 

Mesh/hydrocolloid with 
petroleum jelly 

UrgoTul 10 × 10 cm2 43.5 baht 
(10 pieces 435 baht) 

Mesh/hydrocolloid with 
petroleum jelly and 
absorbent pad 

Urgotul duo 10 × 12 cm2 87 baht 
(10 pieces 870 baht) 

Multilayered 
hydrocellular dressing 

Askina transorbent 10 × 10 cm2 168.5 baht 
(10 pieces 1685 baht) 

Polyurethane foam Allevyn thin 4” × 4” 175 baht 
Hydrocolloids Duoderm CGF 4” × 4” 125 baht 

(5 pieces 625 baht) 
6” × 6” 230 baht 

(5 pieces 1,150 baht) 
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2.3 Biomaterials 

  
 2.3.1 Gelatin 

 Gelatin is a natural protein which is obtained by partial hydrolysis of collagen, a 
major protein in animal (such as bovine, porcine, and fish) skins, bones, ligaments and 
tendons. The appearances of gelatin are translucent, brittle in dry condition, flavorless 
and odorless. Preparative process for acidic and basic gelatins from collagen is 
presented in Figure 2.3. A largest number of amino acid in gelatin is glycine 
(approximately 30%), proline and 4-hydroxyproline residues. Amino acid composition of 
gelatins is listed in Table 2.5. 
   

 
Figure 2.3 Preparative process for acidic and basic gelatins from collagen. 
Source: Tabata, Y, and Ikada, Y. (1998) (19) 
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Table 2.5 Amino acid composition of gelatins  
 

Amino acids Type A 
(Pork skin) 

Type B 
(Calf skin) 

Type B 
(Bone) 

Alanine 8.6-10.7 9.3-11.0 10.1-14.2 
Arginine 8.3-9.1 8.55-8.8 5.0-9.0 
Aspartic acid 6.2-6.7 6.6-6.9 4.6-6.7 
Cystine 0.1 Trace Trace 
Glutamic acid 11.3-11.7 11.1-11.4 8.5-11.6 
Glycine 26.4-30.5 26.9-27.5 24.5-28.8 
Histidine 0.9-1.0 0.74-0.8 0.4-0.7 
Hydroxylysine 1.0 0.91-1.2 0.7-0.9 
Hydroxyproline 13.5 14.0-14.5 11.9-13.4 
Isoleucine 1.4 1.7-1.8 1.3-1.5 
Leucine 3.1-3.3 3.1-3.4 2.8-3.5 
Lysine 4.1-5.2 4.5-4.6 2.1-4.4 
Methionine 0.8-0.9 0.8-0.9 0.0-0.6 
Phenylalanine 2.1-2.6 2.2-2.5 1.3-2.5 
Proline 16.2-18.0 14.8-16.4 13.5-15.5 
Serine 2.9-4.1 3.2-4.2 3.4-3.8 
Threonine 2.2 2.2 2.0-2.4 
Tyrosine 0.4-0.9 0.2-1.0 0.0-0.2 
Valine 2.5-2.8 2.6-3.4 2.4-3.0 

Source: Gelatin handbook, GMIA, 2012 (83) 
 
 
 
 



 30 

  There are two different types of gelatin, depending on the method of 
preparation process. Typical specifications for gelatin type A and B are listed in Table 2.6. 
 
  1) Basic gelatin (Type A gelatin) is produced from acid process. This 
process is typically used for porcine (pork) skin. The isoelectric point (pI) of type A gelatin 
is between 7 and 9. Because type A gelatin is usually made from pork skin, it is haram or 
forbidden by Islamic law (84). 
 
  2) Acidic gelatin (Type B gelatin) is produced from alkaline process. Type 
B gelatin is made from cattle (cow) or calf skin. The pI of type B gelatin is between 4.7 
and 5.4. 
 
Table 2.6 Typical specifications for gelatin 
 

Properties Type A Type B 
pH 3.8-5.5 5-7.5 
Isoelectric point 7-9 4.7-5.4 
Gel strength (Bloom) 50-300 50-300 
Viscosity (mps) 15-75 20-75 
Ash 0.3-2 0.5-2 

Source: Gelatin handbook, GMIA, 2012 (83) 
 
 Gelatin is one of biopolymers commonly used in biomedical engineering. It is an 
easily soluble substance. The unique property of gelatin in aqueous solution is a thermal 
reversible transition. It forms a gel when cooling down below the gel point of gelatin and 
recovers to viscous solutions when temperature increased. The gel point of gelatin from 
homeothermic animals is approximately between 30-35°C (85). Simple gelatin hydrogel 
can be made by increasing temperature to above 40ºC and cooling down to room 
temperature. The hydrogel forming in this way is unstable and easily deformed when 
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applied to body temperature (37ºC). Therefore, gelatin hydrogel in medical application 
must be crosslinked to be maintained at the body temperature. 
  
 2.3.2 Poly(vinyl alcohol) 

 Poly(vinyl alcohol) (PVA) is a water-soluble synthetic polymer. It is colorless and 
odorless. PVA was first created in 1924 by Hermann and Haehnel by hydrolyzing polyvinyl 
acetate in ethanol with potassium hydroxide (86). PVA is not prepared from a monomer in 
direct polymerization. Figure 2.4 present synthesis of PVA via alcoholysis of poly(vinyl 
acetate). Structure of PVA is presented in Figure 2.5. 

 

 
Figure 2.4 Synthesis of PVA via alcoholysis of poly(vinyl acetate)  
Source: Prissanaroon-Ouajai, W. (87) 

 

 
Figure 2.5 Structure of PVA 
Source: Katz, D. A. (88) 
 
 PVA is the most important commercial water soluble plastic. Its advantages are 
biodegradability and biocompatibility. PVA can dissolve in ethanol slightly, but it is 
insoluble in other organic solvents. Outstanding properties of PVA are film forming, 
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emulsifying and adhesive properties. PVA has been developed for food industries, 
pharmaceutical and biomedical applications. 
 
2.4 Gamma Irradiation 

 Radiation is an energy that emits from an original source and goes through space 
or medium (89). Radiation can be divided into two categories. The first category is non-
ionizing radiation such as visible light, infrared, and microwave. Another category is 
ionizing radiation, for example, x-ray, gamma radiation, alpha radiation, and beta 
radiation. Ionizing radiation can be used for many applications. (Table 2.7) 
 
Table 2.7 Some typical radiation processing applications  
Source: IAEA (90) 

Product Intended effect Typical dose range (kGy) 
Blood Preventing TA-GVHD 0.020–0.040 
Potatoes, onions, garlic Inhibiting sprouting 0.05–0.15 
Insects Reproductive sterilization 

for pest management 
0.1–0.5 

Strawberries and some 
other fruits 

Extending shelf life by 
delaying mould growth and 
retarding decay 

1–4 

Meat, poultry, fish Delaying spoilage, killing 
certain pathogenic bacteria 
(e.g. salmonella) 

1–7 

Spices and other 
seasonings 

Killing a variety of 
microorganisms and 
insects 

1–30 

Health care products Sterilization 15–30 
Polymers Crosslinking 

Grafting 
1-250 
0.2-30 
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 Gamma radiation, also recognized as gamma ray, was discovered by French 
scientist Paul Villard in 1900 and named by Ernest Rutherford in 1903. Gamma radiation 
is ionizing radiation that emitted from nucleus of radioactive atom. The wavelength of 
gamma radiation is less than 0.01 nm, which are the shortest wavelength in the 
electromagnetic spectrum. Because of its shortest wavelength, gamma radiation has the 
highest frequency that is approximately 1019 Hz. Moreover, gamma radiation is the highest 
energy among all different kinds of electromagnetic radiation. 
 
 The appropriate gamma radiation sources are cobalt-60 (60Co) and caesium-137 
(137Cs). Both elements have high energy of gamma rays. Cobalt-60 has 5.27 years of half-
life, while caesium-137 has 30.1 years of half-life. However, industries usually use cobalt-
60 as the source of gamma radiation (90). The radionuclide cobalt-60 can be created in 
a nuclear power reactor by irradiation of cobalt-59 with neutrons as displayed in Equation 
1 (91). 

         (1) 
Cobalt-60 atom is unstable because of the excess neutron. This unstable cobalt-60 will 
decay to a stable nickel-60 by emitting of photons of 1.17 and 1.33 MeV as demonstrated 
in Figure 2.6. 
 

 
Figure 2.6 Disintegration of cobalt-60  
Source: Kaplan, I. (1955) (92) 
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 Radiation effects, which are chemical changes, on irradiated materials might be 
divided into two types which are direct and indirect effects (93). The direct effect is the 
decomposition of chemical bonds which caused by radiation energy. Molecules might be 
activated to excited state or ionization. Another type is an indirect effect which is important 
to the total radiation action. Indirect effect occurs by the continuous reactions of radiolytic 
products which are hydroxyl radicals (OH·), e-

aq, hydrogen radicals (H·), hydrogen 
peroxide (H2O2), and hydroperoxyl radicals (HO2º). Figure 2.7 (a) and 2.7 (b) show water 
radiolysis and free radical integration, respectively. 
 

 
Figure 2.7 (a) water radiolysis, and (b) free radical integration. 
Source: Fellows (2000) (a) (94), and Saisanom (2540) (b) (95) 
 
2.5 Mechanisms of Crosslinking by Irradiation Method 

 The hydrogel sheet was successfully synthesized by polymer crosslinking using 
ionizing radiation. Polymers that used in this research were gelatin and PVA. Both 
polymers could be crosslinked by irradiation method. Gelatin molecules can be reacted 
with hydroxyl radicals (•OH) in aqueous solution (96). The gelatin carbon-centered 
radicals (Gel•) were created by the withdrawal of hydrogen atoms by •OH as shown in 
Equation 2. The continuous reactions lead to the crosslinking of gelatin (Equation 3-4) 
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•OH + Gel           Gel• + H2O     (2) 
Gel• + Gel            Gel-Gel•     (3) 
Gel-Gel• + Gel-Gel•  Crosslinked gelatin    (4) 
  
 PVA crosslinking mechanism also begins with •OH (97) (Equation 5-6). 
 
•OH + PVA(H)      PVA• + H2O      (5) 
PVA• + PVA•           PVA-PVA Crosslinked PVA    (6) 

 
The crosslinked reaction between PVA and gelatin radicals was demonstrated in 

Equation 7. 
 

 PVA• + Gel•  PVA-Gel Crosslinked gelatin with PVA   (7) 
 
2.6 Mechanisms of AgNP Formation by Irradiation Method 

 The AgNPs can be successfully in situ synthesized by direct photolysis and 
photosensitization of silver salt, such as silver nitrate (AgNO3). The production from water 
radiolysis (Equation 8) reduced Ag+, which came from AgNO3 in solution, to become the 
neutral Ag0 atoms (30, 98-100) (Equation 9) and finally form AgNPs (100-102) (Equation 
10-12). 
 
H2O             OH•, e-

aq, H•, H2O2, H2, H+, …     (8) 
Ag+ + e-

aq           Ag0       (9) 
Ag0 + Ag+   Ag2

+       (10) 
Ag2

+ + Ag+   Ag3
+       (11) 

Agn
+ + Ag+   Agn+1

+       (12) 
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Moreover, the radicals from PVA (PVA•) and the functional groups of gelatin, which 
are amino groups (-NH2), and hydroxyl groups (-OH), also reduced Ag+ to AgNPs (103-
105).  

 
2.7 Gamma Sterilization 

 Definition of sterilization is a process or method that eliminates all forms of life, 
especially microorganisms such as viruses, bacteria, and fungi. There are several 
methods to sterilize material depending on the goals and types of material. Sterilization 
can be performed using sunlight, heat, radiation, pressured vapor, ethylene oxide (EtO), 
formaldehyde, gas plasma (H2O2), and peracetic acid. A gamma irradiation dose of 25 
kGy can sterilize devices and materials and it is recommended for medical purpose (16). 
 
 Advantages of gamma sterilization are (106) 
 1) Good certainty of product sterilization, which is better than filtration and 
aseptic processing. 
 2) No waste or residue, which is better than chemical process such as EtO. 
 3) More penetrating, which is better than e-beam. 
 4) Ability to process at low-temperature. 
 5) Simple validation process. 
 
 Radiation affect on microorganisms or bacteria. The main reaction occurs at DNA 
in chromosomes. DNA damage from irradiation might inhibit cell division and lead to cell 
death. Factors that affect the amount of survived microorganisms are the components in 
microorganisms, developmental stage of microorganisms, amount of radiation, ability to 
repair, and species or strain of microorganisms. In micrology, microorganism’s radiation 
resistance can be determined by D10 value or decimal reduction dose. D10 value is the 
radiation dose (kGy) required to kill 90% of total microorganisms or reduce the total 
number of microorganism by 10-fold (one log cycle) (107). D10 values of some 
microorganisms are shown in Table 2.8. 
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Table 2.8 D10 values of some microorganisms 
Microorganism D10 value (kGy) 

Aeromonas hydrophila 
Bacillus cereus (vegetative cells) 
B. cereus (spores) 
Campylobacter jejuni 
Clostridium botulinum (vegetative cells) 
C. perfringens (spores) 
Escherichia coli 
E. coli O157 : H 7 
Listeria monocytogenes 
Salmonella 
Staphylococcus aureus 
Yersinia enterocolitica 
Vibrio 
Clostridium sporogenes 
Micrococcus radiodurans 
Moraxella phenylpyruvica 
Pseudomonas putida 
Sporolactobacillus inulinus (spores) 
S. inulinus (vegetative cells) 
Streptococcus faecalis 
Viruses 

0.04 – 3.40 
0.02 – 0.58 
1.25 – 4.00 
0.08 – 0.32 
0.41 – 3.20 
0.29 – 0.85 
0.23 – 0.45 
0.24 – 0.47 
0.25 – 0.77 
0.37 – 0.80 
0.26 – 0.45 
0.04 – 0.39 
0.08 – 0.44 

2.30 – 10.90 
12.70 – 14.10 

0.63 – 0.88 
0.08 – 0.11 
2.10 – 2.58 
0.35 – 0.53 
0.65 – 0.70 
2.02 – 8.10 

Source: Barbosa-Canovas et al. (1998) (108) 
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2.8 Silver Nanoparticles 

 
 2.8.1 Nanometer 

 Nanometer (nm, 10-9 m) is one billionth of a meter. United States National 
Nanotechnology Initiative defines nanotechnology as “science, engineering, and 
technology conducted at the nanoscale, which is about 1 to 100 nanometers” (109). A 
concept of nanotechnology originated from a lecture “There’s Plenty of Room at the 
Bottom" by Richard Feynman in 1959. Atoms and molecules could be investigated in 
nanoscale. The lower limit of the range of 1-100 nm is the size of the atom. The size of 
hydrogen atom, which is the smallest atom, is 0.24 nm. (110) In organism, many functional 
components, such as DNA and ATP synthase, have nanoscale diameter as shown in 
Figure 2.8. 
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Figure 2.8 Scale of things chart  
Source: BES (2006) (111) 
 
 2.8.2 Synthesis of AgNPs 

 Nanomaterials or nanoparticles (NPs) have unique properties that are different 
from their properties of bulk components. Silver (Ag) is a metal that can usually be 
processed to nanoparticle. General processes to synthesize AgNPs are chemical, 
physical, photochemical (irradiation), and biological methods. 
 
  2.8.2.1 Chemical Synthesis 
  Chemical methods are the most common ways to produce stable AgNPs, 
which are colloidally dispersed in water or organic solvents (112). Several reducing 
agents were used in this synthesis, for example, polyols, sodium borohydride (NaBH4), 
hydrazine (N2H4), sodium citrate, and N,N-dimethyformamide (113). The chemical 
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synthesis methods usually consist of three compositions, which are precursors of metal, 
reducing agents chemical, and stabilizing agents (114). The process of chemical 
reduction starts with Ag complexes provide neutral atom of silver (Ag0). Next step is 
agglomeration, that leads to the construction of colloidal Ag particles in the end (115). 
However, for environmental issue, toxicity, and biological hazards of chemical usages 
should be concerned (116). 
 
  2.8.2.2 Physical Method 
  The nanoparticles could be created by evaporation-condensation, which 
is a physical approach. This method can be applied by using a furnace at atmospheric 
pressure. At a definite temperature and pressure, the metal precursor is vaporized into a 
carrier gas. After that, nanoparticles are synthesized by evaporation-condensation 
procedure (117, 118). However, this method has many disadvantages such as a large 
consumption of energy, large space of tube furnace, very long time to achieve thermal 
stability (114). 
 
  2.8.2.3 Photochemical or Irradiation Method 
  AgNPs could be produced by using several irradiation methods. Both 
ionizing and non-ionizing radiation can be used such as laser (112), X-ray (119), ultraviolet 
(UV) light (120), microwave (112), and gamma radiation (121). A zero-valent metal (M0) 
could be formed by two processes (Figure 2.9). The first process is direct photolysis of a 
metal source such as metal salt or complex. The second process is photosensitization, 
which using sensitizers or photochemically generated intermediates. The obvious 
advantages of irradiation method are cleanness and convenience.  
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Figure 2.9 Systematic scheme of photochemical synthesis  
Source: Sakamoto, M., et. al. (2009) (122) 
 
  2.8.2.4 Biological Synthesis 
  Several types of living organisms can produce metal nanoparticles. The 
reducing agent and stabilizer, which are essential for AgNPs synthesis, could be replaced 
by biological molecules in living organisms, which are microorganisms (such as bacteria, 
fungi, algae, and yeasts) and plants (123). Example of AgNPs biological synthesis is a 
study of Bacillus licheniformis in 2008 (124). Possible mechanism for AgNPs production 
in B. licheniformis is shown in Figure 2.10. Ag+ from solution of AgNO3 may be converted 
to Ag0 by the electron shuttle enzymatic metal reduction process. 
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Figure 2.10 Possible mechanism for AgNP synthesis in B. licheniformis  
Source: Kalimuthu, K., et. al. (2008) (124) 

 
 2.8.3 Optical Properties of AgNPs 

 The properties of nanoparticles are different from bulk material because of their 
extremely tiny size. The nanoparticles of noble metal have unique optical properties that 
depend on size and shape. The important optical property of AgNPs is surface plasmon 
resonance.  Surface plasmon resonance is a type of plasmon band associated with the 
light phenomena of the conduction electrons on the nanoparticle surface (125). Surface 
plasmons have at least three types which are  
 (1) Propagating surface plasmons take place on metal surfaces as shown in 
Figure 2.11 A. 
 (2) Localized surface plasmons are associated with small sized particles. 
 (3) Acoustic surface plasmons are probably exist on some metal surfaces. 
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 The surface plasmon resonance can be explained by electron gas theory. The 
atomic nucleus is a local habitat of the inner-shell electrons. But the outer-shell electrons 
have free movement within particle. Because the nanoparticle size is much smaller than 
the wavelength of light, the motion of electron induces the presentation of dipole as shown 
in Figure 2.11 B. The coincidence between the frequency of light oscillations and 
electrons close to the surface of particle cause the surface plasmon resonance. This 
phenomenon is the absorption and scattering of the resonance light (126). The AgNPs 
have different color from bulk silver. Huang T. and Xu X.-H. (2010) (127) demonstrated 
the synthesis method of AgNPs, which are different in sizes and shapes, and showed the 
rainbow colors of AgNPs (Figure 2.12). 
 

 
Figure 2.11 (A) Reproductive surface plasmons, (B) Localized surface plasmons.  
Source: Campbell, D. J., and Xia, Y. (2007) (125) 
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Figure 2.12 (A) Photos of rainbow colored colloidal AgNPs (B) Normalized absorbance 
of UV-vis absorption spectra of the colloidal AgNPs in (A). 
Source: Huang, T., and Xu, X.-H.N. (2010) (127) 
 
 2.8.4 Antibacterial Properties of AgNPs 

 Colloidal AgNPs have been used for more than a century. United States registered 
colloidal silver as a biocidal material since 1954 (128). Nanoparticles have huge surface 
area when compared with bulk material. Their large surface leads to rapid dissolution and 
enlarged toxicity. The antibacterial properties of AgNPs have been used in several 
utilizations. Nowadays, the full antibacterial mechanisms of AgNPs are still unknown. The 
possible mechanisms could be divided into three mechanisms (129) (Figure 2.13). The 
first mechanism is associated with bacteria membrane. AgNPs attached to the surface of 
bacteria, changed properties of membrane, degraded lipopolysaccharide, constructed 
“pits” to amass inside the membrane, and made the membrane permeability increases 
(130). The next mechanism is a penetration into bacteria cell, which causes DNA damage. 
The last one is the dissolution of AgNPs, which could release the antibacterial Ag+ (28). 
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Figure 2.13 Mechanisms of antimicrobial activities of nanomaterials  
Source: Li, Q., et. al. (2008) (129) 
 
2.9 Literature Review 

 
 2.9.1 The Properties of Wound Dressings 

 The wound dressings have a variety of thickness. In 1995, Wu, P., et al. (131) 
investigated commercial wound dressings, which are hydrocolloid, hydrogel, and film. 
The thickness of these wound dressings was approximately 0.077-2.92 mm (Table 2.9). 
Wokalek, H. (1991) suggested in his patent (132) about the thickness of hydrogel sheet 
wound dressings. General thickness is between 2–10 mm, especially in the range of 3-5 
mm. The size of dressing could be modified later (such as by cutting). Uzun, M., Anand, 
S. C., and Shah, T. (2013) (133) evaluated and characterized thirteen commercial wound 
dressings, which are available in United Kingdom. These thirteen wound dressings can 
be categorized into three types, which are nonwoven, foam and hydroactive dressings. 
Thickness and fluid handling properties of wound dressing product were shown in Table 
2.10. 
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Table 2.9 Dressings evaluated and the results of WVTR  
(mean ± 1 s.d., n = 7) 

Dressing 
type 

Trade name Manufacturer Thickness 
(mm) 

WVTR (g m-2 d-1) (at 24 h) 
0.4 m s-1 Static 

Hydrocolloid Biofilm® CliniMed Ltd 1.79 ± 0.09 6512 ± 445 2892 ± 337 
Comfeel® Coloplast A/S 1.27 ± 0.11 285 ± 8 308 ± 16 
Dermiflex® Johnson & 

Johnson 
2.41 ± 0.05 76 ± 5 90 ± 10 

Duoderm® ConvaTec Ltd 1.93 ± 0.10 889 ± 49 886 ± 60 
Duoderm CGF® ConvaTec Ltd 2.27 ± 0.08 120 ± 19 * 
Granuflex E® 
Extra Thin 

ConvaTec Ltd 0.50 ± 0.05 216 ± 6 205 ± 10 

IntraSite® Smith & 
Nephew 

1.29 ± 0.08 357 ± 29 354 ± 42 

Metoderm® ConvaTec Ltd 2.92 ± 0.20 809 ± 19 823 ± 45 
Restore Cx® Hollister Inc. 1.19 ± 0.08 476 ± 18 482 ± 69 
Tegasorb® ConvaTec Ltd 2.10 ± 0.15 136 ± 15 * 
Ultec® Sherwood 

Med 
1.10 ± 0.02 534 ± 63 * 

Hydrogel Geliperm® Geistlich Ltd 1.13 ± 0.19 9009 ± 319 * 
Vigilon®  
(no films) 

Bard 1.13 ± 0.17 9360 ± 34 * 

Vigilon®  
(+1 film) 

Bard 1.16 ± 0.17 50 ± 19 * 

Film Bioclusive® Johnson & 
Johnson 

0.077 ± 0.01 394 ± 12 * 

*Not selected for test under static condition. 
Source: Wu, P., et al. (1995) (131) 
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Table 2.10 Thickness and fluid handling properties of commercial wound dressing  

Product Manufacturer Dressing Type Thickness 
(mm) 

Fluid Handling 
(g per g) 

Aquacel®  ConvaTec  Nonwoven 1.6 19.07±2.1 
Kaltostat®  ConvaTec  Nonwoven 2.0 18.44±1.3 
CarboFlex™  ConvaTec  Nonwoven 3.9 11.11±0.5 
Melolin*  Smith&Nephew Nonwoven 3.4 13.56±0.6 
CliniSorb®  CliniMed Nonwoven 1.2 3.54±0.2 
Versiva® XC®  ConvaTec Foam 2.5 4.16±0.4 
Mepilex®Border  Molnlycke Foam 4.2 7.71±1.0 
Allevyn Gentle Border  Smith&Nephew Foam 4.2 7.85±0.1 
Mepilex®  Molnlycke Foam 5.9 11.87±0.2 
Mepilex® lite  Molnlycke Foam 1.6 4.08±0.3 
Aquacel® Surgical  ConvaTec Hydroactive 4.2 3.82±0.7 
CombiDERM®  ConvaTec Hydroactive 1.8 6.80±0.4 
Biatain  Coloplast Hydroactive 3.4 7.42±0.2 

Source: Uzun, M., Anand, S. C., and Shah, T. (2013) (133) 
 
 Water holding is the outstanding property of hydrogels, but the wetness could lead 
to the accumulation of exudates. Kim, I. Y., et al. (2007) (134) studied the 
chitosan/poloxamer semi-interpenetrating polymer network which performed water 
holding capacity of 90-96% and found that it prevented the collection of exudates. An in 
situ forming hydrogel in the study of Balakrishnan, B., et al. (2005) (135), which is 
prepared from oxidized alginate and gelatin, had an equilibrium fluid content 
approximately 90%.   
 
 Water vapor transmission rate (WVTR), which referred as moisture vapor 
transmission rate (MVTR), could estimate potential of wound dressings to maintain 
moisture. (136, 137) The range of WVTR values of commercial wound dressings is 76-
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9360 g/m2/day (131). Queen et al. (138) exhibited that dressings with WVTR of 2000-2500 
g/m2/day were appropriate because of their suitable moisture level. From Table 2.9, Wu, 
P., et al. (131) also investigated WVTR of commercial hydrogel wound dressings. A 
method in their study was ASTM standard method (ASTM E96-90) with modification. 
   
 Wound dressings should be flexible for comfortable to follow any dimensional 
changes. Suitable net-like adhesive layer having elongation at break of 100-800%, range 
of 200-750% is desirable (139). Erizal, E. and Wikanta, T. (2011) (140) prepared 
polyethylene oxide-chitosan hydrogel by gamma irradiation. Elongation at break of 
hydrogels is ranged between approximately 90-145%. Another research about hydrogel 
wound dressing containing chitosan is the work of Sung, J. H. and colleague (2010) (141) 
PVA-chitosan hydrogel with minocycline prepared by freeze-thawing method had 
elongation at break about 120-170%. The elongation at break of hydrogel without 
minocycline was higher than that of hydrogel with minocycline.  
 
 In vitro biodegradation was tested to evaluate the stability of hydrogels. The 
available dressings should have weight remaining after in vitro biodegradation more than 
80% (134). Kamoun, E. A., et al. (2015) (142) immersed the PVA-sodium alginate 
physically crosslinked hydrogel membranes in phosphate buffer saline (PBS). At 24 h of 
degrading time, weight loss of hydrogel was vary from approximately 20-60% depend on 
sodium alginate content. Shi, L., et al. (2015) (143) investigated in vitro degradation of 

poly(-glutamic acid)/silk sericin hydrogels by papain solution immersion. Papain is a 
papaya proteinase. At 24 h, the remaining weight of hydrogel was about 80%. 
 
 2.9.2 Gelatin and PVA-containing Hydrogels for Wound Dressing 

 Balakrishnan, B., et al. (2005) (135) prepared alginate diadehyde cross-linked 
gelatin hydrogels. They mixed the polymer solutions to prepare in situ forming hydrogels. 
From equilibrium swelling testing, the hydrogels had fluid content about 90%. The 
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hydrogels were applied on the full thickness wounds in rat model. After 15 days of 
observation, the wounds were completed with new epithelium. 
 
 Yu, H., et al. (2007) (144) prepared PVA/poly(N-vinyl pyrrolidone) (PVP) hydrogels 
containing AgNPs by a freezing-thawing method. AgNPs in their research were created 
by sodium citrate reduction of AgNO3. The hydrogels had three-dimensional structures. 
The average size of AgNPs was approximately 100 nm. Their hydrogels had excellent 
antibacterial effects against E. coli and S. aureus. 
 
 Sung, J. H., et al. (2010) (141) developed PVA/chitosan hydrogel films by a freeze-
thawing method. Minocycline, which is an antibiotic drug, was loaded in hydrogel 
preparation process. An addition of chitosan affects the mechanical properties of 
hydrogels. The cross-linking density of the hydrogel with chitosan was decreased. Results 
from the in vivo wound healing test in rats revealed that the hydrogels can heal the wound 
effectively.  
 
 2.9.3 Hydrogel Wound Dressings Prepared by Gamma Irradiation 

 Investigations of hydrogel prepared by gamma irradiation have been increased in 
recent year. Hydrogel wound dressings, which made from both natural and synthetic 
polymers, were listed in Table 2.11. 
 

 El-Mohdy (2013) (145) prepared hydrogels by radiation synthesis. PVA, cellulose 
acetate, and gelatin were dissolved and irradiated at 15, 20 and 25 kGy. After that, the 
crosslinked polymer was swollen with AgNO3 and 2-propanol solutions in water. The 
polymer was irradiated again to reduce Ag+. AgNPs were successfully created. The 
diameters of AgNPs were approximately 39-60 nm. The hydrogels had antimicrobial 
activity for fungus and bacteria. 
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 Zhou and colleagues (2012) (104) created nanosilver/gelatin/carboxymethyl 
chitosan hydrogels by gamma irradiation (30 kGy). The hydrogels had porous structure, 
good water retention capacity, suitable mechanical property, and antibacterial ability. 
 
 Singh and Singh (2012) (146) used gamma radiation of  25 and 40 kGy dose to 
create the hydrogels. The compositions of hydrogels were polyvinyl pyrrolidone, alginate, 
and silver nitrate. These hydrogels had proper absorption capacity and permeability. They 
also inhibited the microbial growth.  
 
 Singh and Pal (2011) (147) selected PVA and PVP as main  compositions of 
hydrogels, and sterculia gum as antimicrobial agent. From this study, the mechanism of 
drug release could be explained by non-Fickian diffusion mechanism. 
 
 Erizal and Wikanta (2011) (140) prepared polyethylene oxide/chitosan hydrogels 
by gamma irradiation (20-40 kGy). Hydrogels with 1% chitosan, which were irradiated at 
20 kGy, had high gel fraction, swelling ratio, and elongation at break. The hydrogels also 
had antibacterial property. 
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Table 2.11 Related researches in hydrogel wound dressings prepared by gamma 
irradiation 

Components  Significant Results  References  

PVA / CA / gelatin / 
AgNO3  

Well-dispersed, spherical AgNPS / 
AgNPs inhibit the crystallization of 
PVA-based gel / antibacterial ability  

El-Mohdy, H. L. A., J. 
Polym. Res. 2013 
(145) 

Gelatin / CM-
chitosan / AgNO3  

Interconnected porous structure / 
good swelling behavior / 
antibacterial ability  

Zhou, Y., Zhao, Y., 
Wang, L., Xu, L., Zhai, 
M. and Wei, S. Radiat. 
Phys. Chem. 2012 
(104) 

PVP / alginate / 
AgNO3  

MVTR 278.44 g/(m2h) / 70 ppm 
nanosilver dressings completly 
inhibit microbial growth  

Singh, R., Singh, D. J. 
Mater. Sci. Mater. 
Med. 2012 (146) 

Sterculia  gum / PVA 
/ PVP  

Swelling increased with increasing 
sterculia and NVP / release of drug 
through non-Fickian diffusion 
mechanism  

Singh, B. and Pal, L. 
Int. J. Biol. Macromol. 
2011 (147) 

PEO / chitosan  Gel fraction (85%) at chitosan 1%, 
swelling ratio 10 g/g, elongation at 
break (145%) / antibacterial 
activities  

Erizal, E., Wikanta, T. 
Indo. J. Chem. 2011 
(140) 
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CHAPTER 3 
MATERIALS AND METHODS 

3.1 Material, Reagents, and Equipments 

 3.1.1 Materials and Reagents 

(1) Gelatin powder (Type A; porcine skin; 170-190 g Bloom; Fluka, 
Switzerland) 

(2) PVA (Average Mw 89,000-98,000, 99+% hydrolyzed; ALDRICH, USA) 
(3) AgNO3 (Fisher Scientific, UK) 
(4) Dulbecco’s modified Eagle medium (DMEM, Hyclone, USA) 
(5) Ethanol 95% 
(6) Fetal bovine serum (FBS, Hyclone, USA) 
(7) Dimethylsulfoxide (DMSO, Sigma-Aldrich, Germany) 
(8) MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 
(9) Phosphate buffer saline (PBS, OmniPur, Germany) 
(10) Trypsin-EDTA (0.25% trypsin with EDTA · 4Na, Hyclone, USA) 
(11) Lysozyme from hen egg white (62971, Fluka, USA) 

 
 3.1.2 Equipments 

(1) Auto-pipettes (200, 1000 µl) 
(2) Laboratory glassware (Pyrex, USA; Duran, Germany) 
(3) Franz cell (Custom-made, Scientific and Technological Research 

Equipment Centre) 
(4) Energy-dispersive X-ray spectroscopy (Hitachi/S-4800, Japan) 
(5) Freezer (-40°C, Heto HLLF-205, Denmark) 
(6) Laminar flow hood (Lab Service Ltd., Part., Thailand) 
(7) Lyophilization machine (Labconco, USA) 
(8) Nylon bag (purchase from Rachawong Packaging Co., Ltd.) 
(9) Scanning electron microscope (Hitachi/S-4800, Japan) 
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(10) Ultrasonic cleaning unit (Elmasonic S 70/(H), Germany) 
(11) Ultraviolet–visible spectrophotometer (Shimadzu UV-2550, USA) 
(12) Universal Testing Machine (Lloyd/LRX, UK) 

 
3.2 Experimental Procedures 

 Experimental procedures are divided into three parts. Part I is the preparation and 
characterization of gelatin/PVA hydrogel. The ratios of gelatin and PVA solutions and the 
irradiation doses were varied and the characteristics of gelatin/PVA hydrogels were 
studied in order to use as wound dressing hydrogel sheet. Part II is the preparation and 
characterization of gelatin/PVA hydrogel containing AgNPs. The physical, mechanical, 
and chemical properties of the gelatin/PVA hydrogels with various AgNO3 concentrations 
were tested. The formation of AgNPs was also investigated. Part III is the determination of 
the cytotoxicity and antibacterial effects of AgNP/gelatin/PVA hydrogels using fibroblast 
cells and bacteria (in vitro). The procedures of each part were summarized in the flow 
chart in Figure 3.1, Figure 3.2, and Figure 3.3. 
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Figure 3.1 Diagram of experimental procedures of part I 
 
 
 
 
 
 
 
 
 

Preparation of gelatin/PVA hydrogels 
Variables are  
 - Weight ratio of gelatin to PVA (100:0, 80;20, and 60:40) 
 - Gamma radiation doses (30, 40, and 50 kGy) 
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Figure 3.2 Diagram of experimental procedures of part II 
 
 
 
 
 
 
 
 
 
 

Preparation of AgNP/gelain/PVA hydrogels 
- Ratio of gelatin to PVA and Gamma radiation dose as selected from Part I 

- - Vary weight ratio of AgNO3 (0.25, 0.50, 0.75, and 1.00 wt%) 
 

Characterization of AgNPs 
formation 
- Surface plasmon resonance 
phenomenon 
- Diameters of AgNPs 
- Elemental analysis 
- Silver-release 
 

Physical testing 
- Morphology 
- Water holding 
capacity and swelling 
behavior 
- Water vapor 
transmission rate 
- In vitro 
biodegradation 
- Gel fraction 

Mechanical testing 
- Tensile test 

Chemical testing 
- Chemical bondings 
and functional groups 



 56 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Diagram of experimental procedures of part III 
 
3.2.1 Part I: Preparation and Characterization of Gelatin/PVA Hydrogel 

 
  3.2.1.1 Preparation of the Gelatin/PVA Hydrogels   
  Gelatin solution was prepared by dissolving type A gelatin powder in 45°C 
distilled water to produce 15 wt% gelatin solution and stirring at 300 rpm for 40 min. PVA 
solution was prepared by dissolving PVA powder in 95°C distilled water to produce 15 
wt% PVA solution and stirring at 300 rpm for 40 min. The gelatin/PVA solution was 
prepared by pouring the gelatin solution into the PVA solution. The weight ratios of gelatin 
to PVA solutions were 100:0, 80:20 and 60:40 (15 wt% solid). The gelatin/PVA solution 
was stirred at 80°C, 300 rpm for 30 min. The solution was degassed by an ultrasonic 
cleaning unit (Elmasonic S 70/(H), Germany) for 15 min to remove air bubbles. When the 
homogeneous solution was obtained, it was packed into nylon bag and sealed by an 
impulse sealer. Two plates, such as glass plates or acrylic plates, were compressed on 
two opposite sides of nylon bag for overnight. The plastic sheet with the same thickness 

In vitro cytotoxicity test of 
AgNP/gelatin/PVA hydrogels 
using human fibroblasts 

Antibacterial effects of the 
AgNP/gelatin/PVA hydrogels 

- E. coli 
- S. aureus 
- MRSA 

Preparation of AgNP/gelain/PVA hydrogels 
- Ratio of gelatin to PVA and Gamma radiation dose as selected from Part I 

- - Vary weight ratio of AgNO3 (0.25, 0.50, 0.75, and 1.00 wt%) 
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was inserted between the glass sheets on both sides to control the thickness of the nylon 
bag. The sides of the plates were clamped with paper clips, shown in Figure 3.4. 
 

 
Figure 3.4 Demonstration of hydrogel preparation. Two plates were compressed on 
nylon bag by using paper clips. 
 
 The samples were irradiated with gamma ray generated from cobalt-60 at Synergy 
Health (Thailand) Ltd. At the dose rates of 5 kGy/h, gamma radiation doses were targeted 
at 30, 40, and 50 kGy. The solution was gelled after irradiation. The obtained hydrogels 
were stored at room temperature prior to testing. The summary of hydrogel type and doses 
of gamma radiation were shown in Table 3.1. 
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Table 3.1 Hydrogel compositions and doses of gamma radiation used in the experiment 

Hydrogel Gelatin 
100% 

Gelatin 80% 
+ PVA 20% 

Gelatin 60% 
+ PVA 40% 

Doses of gamma 
radiation (kGy) 

30 30 30 
40 40 40 
50 50 50 

 
  3.2.1.2 Physical Testing 
 
  (1) Morphology 
  Scanning electron microscope (SEM; Hitachi/S-4800, Japan) at The 
Petroleum and Petrochemical College was used to investigate the morphology of the 
freeze-dried hydrogels. SEM specimens were coated with Platinum. SEM images of 
hydrogel were maximized the histogram distribution by SemAfore program (JEOL 
SemAfore Software, Germany). This program was also used to determine pore size of 
hydrogel. 
 
  (2) Water Holding Capacity and Swelling Ratio 
  The circular discs of hydrogel with the thickness of 3.6-4.1 mm and the 
diameter of 15 mm were immersed in 50 ml of PBS (pH 7.4) at 37°C and shaken at 50 rpm 
for 24 h. The immersed samples were removed from the solution and the apparent solution 
on the surface was gently absorbed by tissue paper. After that, the swelled samples were 
dried in an oven at 70°C for 48 h until reaching constant weight. The water holding 
capacity and swelling ratio were calculated by following formulas. 
 

Water holding capacity (%) = (Ws – Wd) / Ws × 100    (13) 
 

Swelling ratio (%) = (Ws – Wi) / Wi × 100     (14) 
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Where Ws was the weights of swollen hydrogel after immersion, Wd was the weights of 
dried hydrogel, and Wi was the weights of initial hydrogels which did not immerse in PBS. 
 
  (3) Water Vapor Transmission Rate (WVTR) 
  WVTR across the hydrogels was determined as specified by ASTM 
standard (148) with some modifications. The circular discs of hydrogel with the thickness 
of 3.6-4.1 mm and the diameter of 35 mm were placed on the mouth of the laboratory 
bottle (100 ml) which contained 10 ml of distilled water. The samples were attached across 
the edges of the cup by binding with paraffin film strip. The assembly was incubated at 
37°C and 35% relative humidity. Saturated solution of magnesium chloride was used to 
retain relative humidity. The assembly was weighted at constant time interval. The graph 
of weight loss versus time was plotted to find out the slope, representing average weight 
loss per hour. WVTR was calculated by the following formula. Slope was multiplied by 24 
to dertermine WVTR in g/m2/day. 
 

WVTR = (slope × 24) / area of hydrogel in m2       (15) 
 
  (4) In vitro Biodegradation 
  The hydrogels were cut into small pieces (100 mg/piece). Each sample 
was immersed in 5 ml PBS with 1 × 104 U/ml of lysozyme concentration (149) at 37°C. The 
incubation times of hydrogels in the media were 6, 12, 18, and 24 h. After that, the 
degraded hydrogels were taken out from the media and washed by distilled water to 
remove residual lysozyme. The remaining hydrogels were then freezed at -40°C for 24 h, 
dried for another 24 h, and weighed. The weights of the dried sample after degradation 
were calculated as percentage compared with the initial weight. 
 

(5) Gel Fraction 
  Gel fraction testing was adapted from the report by Rita Singh (2012) 
(146). The circular disc of hydrogel with diameter of 15 mm was incubated in an oven at 
50°C for 24 h until reaching a constant weight. Next, the dried sample was immersed in 
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50 ml distilled water (50°C), shaken at 50 rpm for 2 h and dried again in an oven at 50°C. 
The percentage of gel fraction was calculated using the following formula.  
  

Gel fraction (%) = (Wd / Wi) × 100      (16) 
 

Where Wd represented the weight of dried hydrogel after extraction. Wi represented the 
initial weight of dried hydrogel before extraction. 
 
  3.2.1.3 Mechanical Testing 
 
  (1) Tensile Test 
  The hydrogels were prepared according to D638-03 ASTM standard (150) 
with adaptation (n=5 per group). The samples were cut in a dumbbell shape (total 
length:115 mm, total width: 25 mm, narrow section width:10 mm) using shape-plastic 
sheet (Figure 3.5) as a model. The universal testing machine (Lloyd/LRX, UK) was used 
for tensile test at the speed of 22 mm/min with pre-load of 0.01 N. 
 

 
Figure 3.5 A dumbbell shape-plastic sheet 
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  3.2.1.4 Chemical Testing 
 
  (1) Chemical Bondings and Functional Groups 
  Fourier transform infrared (FTIR) spectroscopy (Perkin Elmer, Spectrum 
One, United States) at Scientific and Technological Research Equiment Centre was used 
to investigate the chemical bondings and functional groups of the hydrogels. Pieces of 
hydrogel were freezed at -40°C for 24 h and then were dried in lyophilization machine 
(Labconco, USA) for another 24 h. The freeze-dried hydrogels were used for FTIR analysis 
in attenuated total reflection (ATR) mode. The wavenumber range was 4000-515 cm-1. 
    
3.2.2 Part II Preparation and Characterization of Gelatin/PVA Hydrogel Containing AgNPs 

 
 Gelatin/PVA solution was prepared as described above. Silver nitrate (AgNO3) 
was added into gelatin/PVA solution. The concentrations of AgNO3 were 0.25, 0.50, 0.75, 
and 1.00 wt% based on the solid part of the solution. The mixing solution was blended at 
80°C, and stirred at 300 rpm for 30 min. The mixing solution was vibrated by an ultrasonic 
cleaning unit for 15 min to remove air bubbles in the solution. Packing and irradiation 
method were prepared as described in the previous section. 
  

Characterization of AgNPs Formation 
 
3.2.2.1 Surface Plasmon Resonance (SPR) Phenomenon 

 The UV-vis absorption spectra of AgNPs in the AgNP/gelatin/PVA 
hydrogels were investigated by a Shimadzu UV-2550 Ultraviolet–visible (UV-vis) 
spectrophotometer (USA). The appearance of the surface plasmon resonance (SPR) 
band was performed in the range of 200-900 nm.  

 
3.2.2.2 Diameters of AgNPs 

  The AgNP/gelatin/PVA hydrogel was cut into a cube with 5 mm in width. 
The cube was freezed at -40°C for 24 h. After freezing, the cube was dried in lyophilization 



 62 

machine (Labconco, USA) for another 24 h. The freeze-dired cubes of hydrogel were 
ground and immersed in 1 ml of ethanol for 30 min. The 10 µL of solution was dropped on 
the copper grid and left to air-dry overnight. The grids were examined by a JEOL JEM-
2100 transmission electron microscope (TEM; Japan) at Scientific and Technological 
Research Equiment Centre operated at 120 kV, Magnification 100–250 K. The diameters 
of 50 pieces of AgNPs in the TEM images were sized by SemAfore program. 
 

3.2.2.3 Elemental Analysis 
  The freeze-dried AgNP/gelatin/PVA hydrogels were investigated by 
Energy-dispersive X-ray spectroscopy (EDX; Hitachi/S-4800; Japan) to analyze the 
element in hydrogels. 
 
  3.2.2.4 Silver-release 
  The circular disc of hydrogel with diameter of 15 mm were placed on the 
cellulose acetate (CA) membrane (diameter 25 mm, poresize 0.45 µm, VERTICAL®). This 
assembly was placed on the top of the cell body of Franz cell (15 ml) which full of PBS at 
37°C. PBS was collected at a specific diffusion time point of 1, 3, 6, 12, and 24 h. The 
release of silver in the PBS was investigated by Atomic Absorption Spectrophotometer 
(Varian Model AA280FS) at Scientific and Technological Research Equiment Centre. A 
new hydrogel sample set was investigated for each time point. 
 
3.2.3 Part III: Determination of the Cytotoxicity and Antibacterial Effects of 
AgNP/gelatin/PVA Hydrogels Using Fibroblast Cells and Bacteria (In vitro Test) 

   
 3.2.3.1 Indirect Cytotoxicity 
 The indirect cytotoxicity of the AgNP/gelatin/PVA hydrogels was implemented by 
an adaptation from the ISO10993-5 standard test method. The normal human dermal 
fibroblasts (NHDF; 11th-15th passage) were cultured in tissue-culture plate in serum-
containing Dulbecco’s modified Eagle’s medium (DMEM). Numbers of cell were counting 
by Hemocytometer. The 10,000 cells were seeded in each well by using auto pipette. 
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NHDF were cultured for 24 h to make cell attachment. After the cell attachment, DMEM 
was replaced by serum-free medium (SFM). NHDF were starved with SFM for 24 h. 
 

At the same time, an extraction media of hydrogel was prepared. The gelatin/PVA 
hydrogels and AgNP/Gelatin/PVA hydrogels were cut into tiny cubes. These cubes were 
immersed in SFM to obtain the extraction media for 24 and 72 h. The extraction ratio was 
10 mg·mL-1 SFM in the wells with NHDF was replaced with the 24 h and 72 h extraction 
media. NHDF were incubated with the extraction media for 24 h. The viability of NHDF 
was determined by MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) at the absorbance wavelength of 570 nm (151). The absorbance [A] was 
measured by a Microplate Reader. Cell viability was determined by the following formula: 
 
 Cell viability (%) = ([A] test / [A] control) ×100     (17) 
 
Where “[A] test” represented the absorbance of solution in the well with hydrogels. “[A] 
control” represented the absorbance of solution in a blank well. 
 
 3.2.3.2 Antibacterial Testing 
 Three types of bacteria were selected for antibacterial testing of AgNP/gelatin/PVA 
hydrogels. There were Staphylococcus aureus (S. aureus; Gram-positive; ATCC 25023), 
Methicillin-resistant S. aureus (MRSA; Gram-positive; ATCC 43300), and Escherichia coli 
(E. coli; Gram-negative; ATCC 25922). The gelatin/PVA hydrogels with no AgNPs were 
used as the control group. MRSA was kindly provided from Microbiology Laboratory, 
Pramongkutkao Hospital, Bangkok, Thailand. 
 
  (1) Antimicrobial Activity Assays 

This assay was adapted from the report of Siriporn Theapsak (2012) (152). 
A broth solution was prepared by mixing Nutrient Broth (NB), pH 6.9 without NaCl (Sisco 
Research Laboratories) with 100 ml of sterile deionized water. Two colonies of bacteria 
were put into broth solutions and cultured at 37°C in a shaking incubator at a speed of 
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150 rpm for 24 h. The bacterial suspensions of E. coli, S. aureus, and MRSA were diluted 
by 0.85% sterile NaCl aqueous solution at dilution factor of 105, 106, and 103 respectively. 
The circular disc of hydrogel with diameter of 15 mm (approximately 0.65 g) were 
immersed in the diluted bacterial suspensions and incubated at 37°C in a shaking 
incubator at a speed of 150 rpm for 3 h. Each hydrogel disc (one disc for each AgNO3 
concentration) was immersed in 10 ml of the diluted bacterial suspensions in a test tube. 
Next, 100 µL of the suspension from each test tube was spread on NB agar plate (in 
triplicate) and incubated at 37°C for 24 h. The bacteria colonies on agar plate were 
counted. The anti-bacterial efficacy (ABE in %) of the hydrogels was calculated by the 
following formula:  
 
 ABE (%) = (Vc -Vt)/Vc × 100       (18) 
 
where Vc is the numbers of viable bacterial colonies of the control group and Vt is the 
numbers of viable bacterial colonies from the plate of AgNP/Gelatin/PVA hydrogels. 
 
  (2) Zone of Inhibition Test 
  This test was performed according to US Clinical and Laboratory 
Standards Institute (CLSI) disc diffusion method. The bacterial suspension was spread on 
the NB agar in a petri dish. The circular disc of hydrogel with a diameter of 15 mm, 
vancomycin and gentamicin, which were used as control antibacterial drugs for gram-
positive bacteria and gram-negative bacteria, were placed on the NB agar and then 
incubated at 37°C for 24 h. After that, the clear zones which the area on NB agar had no 
growth of bacteria were measured. 
 
3.2.4 Statistical Analysis 

 Data was presented in the form of means ± standard deviation (S.D.). A t-test was 
used as statistical analysis (Data Analysis; Excel 2007; Microsoft). The statistical 
significance was accepted at 0.05 confidence level (p < 0.05). 
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CHAPTER 4 
RESULTS 

 This chapter was divided into three parts. First part described results from 
preparation and characterization of gelatin hydrogel and gelatin/PVA hydrogel. Second 
part demonstrated the results of gelatin/PVA hydrogel containing AgNPs testing. The last 
part was the effects of gelatin/PVA hydrogels containing AgNPs on fibroblast cells and 
bacteria. 
 
Part I: Preparation and Characterization of Gelatin Hydrogel and Gelatin/PVA Hydrogel  

 After gamma irradiation, cross-linked hydrogel was successfully obtained as 
shown in Figure 4.1. The appearance of gelatin hydrogel and gelatin/PVA hydrogel was 
quite transparent. A neat gelatin hydrogels were pale yellow and the gelatin/PVA 
hydrogels showed slightly white opaqueness. The hydrogels in this research were 
prepared in a sheet form with an approximate thickness of 3.6-4.1 mm. Table A.1 
(APPENDIX A) shows the thickness of gelatin and gelatin/PVA hydrogels.  

 

 
Figure 4.1 As-prepared hydrogels Left: neat gelatin, middle: gelatin/PVA, and right: 
gelatin/PVA with AgNO3. 
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4.1 Water Holding Capacity and Swelling Ratio 
 Liquid absorption is the important property of hydrogels. Table 4.1 shows water 
holding capacity of gelatin and gelatin/PVA hydrogels. All hydrogels showed similar water 
holding capacities, which were approximately 94-96%. It was noticed that water holding 
capacity tended to be decreased when irradiation dose was increased. Water holding 
capacity of 100:0 hydrogel irradiated at 30 kGy was greater than 100:0 hydrogel irradiated 
at 40 and 50 kGy. There was a significant difference between water holding capacity of 
80:20 hydrogel which irradiated at 30 kGy and 80:20 hydrogel which irradiated at 50 kGy. 
Water holding capacity of 60:40 hydrogel which irradiated at 30 kGy was greater than 
60:40 hydrogel which irradiated at 50 kGy. The result revealed that water holding capacity 
was decreased when the amount of PVA was highest. There were significant differences 
between water holding capacity of 60:40 hydrogels and 100:0 hydrogels at every 
irradiation doses. 
 
Table 4.1 Water holding capacity (%) of gelatin/PVA hydrogels 

Gelatin:PVA 
hydrogels 

Irradiation dose (kGy) 
30 40 50 

100:0 96.64 ± 0.25 a,b 95.51 ± 0.03 a 95.07 ± 0.40 b 
80:20 96.69 ± 0.44 c 95.79 ± 0.90  94.34 ± 0.44 c 
60:40 95.46 ± 0.65 *,d 94.71 ± 0.47 *  94.12 ± 0.24 *,d 

A significant difference (p < 0.05) among the same hydrogel type is denoted by the same letter. An 
asterisk (*) represented a significant difference at p < 0.05 between gelatin/PVA and neat gelatin 
hydrogels in the same irradiation dose. 
 

 In this experiment, water holding capacity and swelling ratio were calculated. 
Water holding capacity was calculated from the weight of dried hydrogel to determine the 
hydrogel’s ability to hold or retain water. Swelling behavior of hydrogels was determined 
by swelling ratio testing. Swelling ratio was calculated from the weight of initial hydrogels. 
Figure 4.2 shows swelling ratio of gelatin/PVA hydrogels. It was seen that swelling ratio 
was decreased when the irradiation dose was increased. Swelling ratio was in the range 
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of approximately 115-230 %. Swelling ratio of 100:0 hydrogel which irradiated at 30 kGy 
was greater than 100:0 hydrogel which irradiated at 40 and 50 kGy. There was also a 
significant difference between swelling ratio of 100:0 hydrogel which irradiated at 40 kGy 
and 100:0 hydrogel which irradiated at 50 kGy. A significant difference among swelling 
ratio of 80:20 hydrogels was not found. Swelling ratio of 60:40 hydrogel which irradiated 
at 30 kGy was greater than 60:40 hydrogel which irradiated at 50 kGy. A significant 
difference between swelling ratio of neat gelatin hydrogels and gelatin/PVA hydrogels was 
not found. 
 

 
Figure 4.2 Swelling ratio of gelatin/PVA hydrogels.  
A significant difference (p < 0.05) among the same hydrogel type is denoted by the same letter. An 
asterisk (*) represented a significant difference at p < 0.05 between gelatin/PVA and neat gelatin 
hydrogels in the same irradiation dose. 
 

4.2 Water Vapor Transmission Rate (WVTR) 

 Figure 4.3 shows WVTR of gelatin/PVA hydrogels. Range of WVTR was about 
3,000-5,400 g/m2/day. It was seen that WVTR was decreased when the amount of PVA 
was increased or irradiation dose was increased. WVTR of 100:0 hydrogel which 
irradiated at 30 kGy was greater than 100:0 hydrogel which irradiated at 50 kGy. A 
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significant difference among WVTR of 80:20 hydrogels was not found. WVTR of 60:40 
hydrogel which irradiated at 30 kGy was greater than 60:40 hydrogel which irradiated at 
40 and 50 kGy. Moreover, there were significant differences between WVTR of 60:40 
hydrogels and 100:0 hydrogels at every irradiation doses. 
 
 

 
Figure 4.3 Water vapor transmission rate of gelatin/PVA hydrogels.  
A significant difference (p < 0.05) among the same hydrogel type is denoted by the same letter. An 
asterisk (*) represented a significant difference at p < 0.05 between gelatin/PVA and neat gelatin 
hydrogels in the same irradiation dose. 
 

4.3 Percentage Strain at Maximum Load and Stress at Maximum Load (Mechanical 
Strength) 

 The tensile properties of gelatin/PVA hydrogels were tested. Figure 4.4 shows 
percentage strain at maximum load of gelatin/PVA hydrogels. Percentage strain at 
maximum load of hydrogels varied between 50-180 %. It was seen that percentage strain 
at maximum load was increased when the amount of PVA was increased or irradiation 
dose was increased. Percentage strain at maximum load of 100:0 hydrogel which 
irradiated at 30 kGy was greater than 100:0 hydrogel which irradiated at 40 and 50 kGy. 
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A significant difference among percentage strain at maximum load of 80:20 hydrogels 
was not found. Percentage strain at maximum load of 60:40 hydrogel which irradiated at 
30 kGy was greater than 60:40 hydrogel which irradiated at 50 kGy. There were significant 
differences between percentage strain at maximum load of neat gelatin hydrogels and 
gelatin/PVA hydrogels at every irradiation doses. 
 
 Figure 4.5 shows stress at maximum load of gelatin/PVA hydrogels. Stress at 
maximum load of gelatin/PVA hydrogels were about 0.028-0.043 N/mm2. It was observed 
that stress at maximum load of 100:0 hydrogel was decreased when irradiation dose was 
increased. Stress at maximum load of 100:0 hydrogel which irradiated at 30 kGy was 
greater than 100:0 hydrogel which irradiated at 40 and 50 kGy. There was also a 
significant difference between stress at maximum load of 100:0 hydrogel which irradiated 
at 40 kGy and 100:0 hydrogel which irradiated at 50 kGy. A significant difference among 
stress at maximum load of 80:20 hydrogels was not found. There was a significant 
difference between stress at maximum load of 60:40 hydrogels which were irradiated at 
30 and 40 kGy. Moreover, there was a significant difference between stress at maximum 
load of 100:0 hydrogel which irradiated at 50 kGy and 80:20 hydrogel which irradiated at 
50 kGy. 
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Figure 4.4 Percentage strain at maximum load of gelatin/PVA hydrogels.  
A significant difference (p < 0.05) among the same hydrogel type is denoted by the same letter. An 
asterisk (*) represented a significant difference at p < 0.05 between gelatin/PVA and neat gelatin 
hydrogels in the same irradiation dose. 
 

 
Figure 4.5 Stress at maximum load of gelatin/PVA hydrogels. 
A significant difference (p < 0.05) among the same hydrogel type is denoted by the same letter. An 
asterisk (*) represented a significant difference at p < 0.05 between gelatin/PVA and neat gelatin 
hydrogels in the same irradiation dose. 
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4.4 Gel fraction 

 Gel fraction of hydrogels was tested and used to indirectly evaluate the degree of 
crosslinking. From Figure 4.6, range of gel fractions of hydrogel was 64 and 89%. The 
gelatin/PVA hydrogels with higher irradiation dose or more PVA contents had increasing 
gel fractions. A significant difference was not found among the 100:0 hydrogels which 
irradiated at 30, 40, and 50 kGy. Gel fraction of 80:20 hydrogel which irradiated at 50 kGy 
was greater than 80:20 hydrogel which irradiated at 30 and 40 kGy. Gel fraction of 60:40 
hydrogel which irradiated at 30 kGy was lower than 60:40 hydrogel which irradiated at 40 
and 50 kGy. There was a significant difference between gel fraction of 60:40 hydrogel 
which irradiated at 40 kGy and 100:0 hydrogel which irradiated at the same irradiation 
dose. Gel fraction of 80:20 hydrogel which irradiated at 50 kGy was significantly different 
compared to 100:0 hydrogel which irradiated at the same irradiation dose. Moreover, 
there was significant difference between gel fraction of 60:40 hydrogel which irradiated 
at 50 kGy and 100:0 hydrogel which irradiated at the same irradiation dose. 

 

 
Figure 4.6 Gel fraction of gelatin/PVA hydrogels.  
A significant difference (p < 0.05) among the same hydrogel type is denoted by the same letter. An 
asterisk (*) represented a significant difference at p < 0.05 between gelatin/PVA and neat gelatin 
hydrogels in the same irradiation dose. 
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4.5 In vitro Biodegradation 

 The hydrogel samples were incubated in PBS with 1 × 104 U/ml of lysozyme 
concentration. Lysozyme can be found in wound and blister fluid (153). Figure 4.7 shows 
the remaining weight after biodegradation of the gelatin/PVA hydrogels for 24 h. Range of 
remaining weight was around 40-75 %. The hydrogels with higher irradiation dose or more 
PVA contents showed quite higher remaining weight. A significant difference among 
remaining weight of gelatin/PVA hydrogels was not found. 
  

 
Figure 4.7 Remaining weight after 24 h in vitro biodegradation of gelatin/PVA hydrogels 
without AgNPs 
A significant difference (p < 0.05) among the same hydrogel type is denoted by the same letter. An 
asterisk (*) represented a significant difference at p < 0.05 between gelatin/PVA and neat gelatin 
hydrogels in the same irradiation dose. 
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Part II: Preparation and Characterization of Gelatin/PVA Hydrogel Containing AgNPs 

 From the results of hydrogel property in Part I, the 60:40 gelatin/PVA hydrogel with 
30 kGy irradiation dose was chosen for further study of AgNPs addition since it had 
highest percentage strain at maximum load, appropriate water holding capacity, and 
acceptable remaining weight after biodegradation testing. After irradiation, the 
gelatin/PVA hydrogels with AgNO3 was brown as shown in Figure 4.1. The appearance of 
brown color, which is a result from surface plasmon excitation, indicates the occurrence 
of AgNPs in hydrogel structure (154, 155). Table A.2 (APPENDIX A) shows the thickness 
of AgNP/gelatin/PVA hydrogels compared with gelatin/PVA hydrogel without AgNPs. The 
thicknesses of AgNP/gelatin/PVA hydrogels were approximately 3.6-4.1 mm, which is 
similar to the thickness of gelatin/PVA hydrogel without AgNPs (3.7 mm). In this part, 
results of 60:40 hydrogel with AgNO3 at 30 kGy irradiation dose were shown, comparing 
to the ones without AgNO3 at the same irradiation dose.  
 
4.6 Water Holding Capacity and Swelling Ratio 

 Table 4.2 shows the percentage of water holding capacity of AgNP/gelatin/PVA 
hydrogels compared with gelatin/PVA hydrogel without AgNO3. Range of water holding 
capacity percentages of hydrogels with AgNO3 were approximately 95-98 %. A significant 
difference was found between the water holding capacity of 60:40 hydrogels without 
AgNO3 and hydrogels with AgNO3 0.75 wt%.  
 
Table 4.2 Water holding capacity of AgNP/gelatin/PVA hydrogels compared with 
gelatin/PVA hydrogel without AgNO3.  

Hydrogels 
Gelatin:PVA 

AgNo3 wt% 
0.00 0.25 0.50 0.75 1.00 

60:40  
(30 kGy) 

95.46 ± 0.65 
 

95.86 ± 0.16 
 

96.11 ± 0.03 
 

98.06 ± 0.26 # 96.78 ± 0.14 
 

A hash (#) represented a significant difference at p < 0.05 relative to 60:40 hydrogels (30 kGy) without 

AgNO3. 
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 Figure 4.8 shows swelling ratio of AgNP/gelatin/PVA hydrogels compared with 
gelatin/PVA hydrogel without AgNO3. Swelling ratio of AgNP/gelatin/PVA hydrogels were 
about 166-231 %. Swelling ratios of hydrogels with AgNO3 0.25 and 0.50 wt% were 
significantly different compared with swelling ratio of 60:40 hydrogels without AgNO3. 

 

 
Figure 4.8 Percentages of swelling ratio of AgNP/gelatin/PVA hydrogels compared with 
gelatin/PVA hydrogel without AgNO3.  
A hash (#) represented a significant difference at p < 0.05 relative to 60:40 hydrogels (30 kGy) without 

AgNO3. 
 
4.7 Water Vapor Transmission Rate (WVTR) 

 Figure 4.9 shows WVTR of AgNP/gelatin/PVA hydrogels compared with 
gelatin/PVA hydrogel without AgNO3. WVTR of AgNP/gelatin/PVA hydrogels was 
approximately 4250-4645 g/m2/day. The significant difference was not found among all 
samples. 
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Figure 4.9 Water vapor transmission rate of AgNP/gelatin/PVA hydrogels compared with 
gelatin/PVA hydrogel without AgNO3 
A hash (#) represented a significant difference at p < 0.05 relative to 60:40 hydrogels (30 kGy) without 

AgNO3. 
 

4.8 Percentage Strain at Maximum Load and Stress at Maximum Load (Mechanical 
Strength) 

 Figure 4.10 shows percentage strain at maximum load of AgNP/gelatin/PVA 
hydrogels compared with gelatin/PVA hydrogel without AgNO3. Percentage strain at 
maximum load of AgNP/gelatin/PVA hydrogels were approximately 99-179%. There were 
significant differences between percentage strain at maximum load of hydrogels with 
AgNO3 0.75 and 1.00 wt% compared with 60:40 hydrogels without AgNO3. Percentage 
strain at maximum load was significantly decreased when the amount of AgNO3 was 
greater or equal 0.75 wt%. 
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Figure 4.10 Percentage strain at maximum load of AgNP/gelatin/PVA hydrogels compared 
with gelatin/PVA hydrogel without AgNPs.  
A hash (#) represented a significant difference at p < 0.05 relative to 60:40 hydrogels (30 kGy) without 

AgNO3. 
 
 Figure 4.11 shows stress at maximum load of AgNP/gelatin/PVA hydrogels 
compared with gelatin/PVA hydrogel without AgNO3. Stress at maximum load of hydrogels 
with AgNO3 was about 0.012-0.025 N/mm2. There were significant differences between 
stress at maximum load of all AgNP/gelatin/PVA hydrogels compared with gelatin/PVA 
hydrogel without AgNO3. Stress at maximum load of AgNP/gelatin/PVA hydrogels was 
compare with each other. There were significant differences between stress at maximum 
load of hydrogels with AgNO3 0.25, 0.50, 0.75 and 1.00 wt%. However, there was no 
significant difference between stress at maximum load of hydrogel with AgNO3 0.75 wt% 
compared with hydrogel with AgNO3 1.0 wt%. It was found that percentage strain at 
maximum load and stress at maximum load was decreased when the amount of AgNO3 
was increased.  
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Figure 4.11 Stress at maximum load of AgNP/gelatin/PVA hydrogels compared with 
gelatin/PVA hydrogel without AgNPs.  
A hash (#) represented a significant difference at p < 0.05 relative to 60:40 hydrogels (30 kGy) without 

AgNO3. 
 
4.9 Gel fraction 

 Figure 4.12 shows gel fraction of AgNP/gelatin/PVA hydrogels compared with 
gelatin/PVA hydrogel without AgNPs. Percentages of gel fraction of AgNP/gelatin/PVA 
hydrogels were in the range of 64-77 %, approximately. Gel fraction was decreased when 
the amount of AgNO3 was increased. There were significant differences between gel 
fractions of hydrogels with AgNO3 0.50, 0.75 and 1.00 wt% compared with 60:40 
hydrogels without AgNO3. There were significant differences between gel fraction of 
hydrogels with AgNO3 0.25, 0.50, 0.75 and 1.00 wt%. However, there was no significant 
difference between gel fraction of hydrogel with AgNO3 0.75 wt% compared with hydrogel 
with AgNO3 1.0 wt%. 
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Figure 4.12 Gel fraction of AgNP/gelatin/PVA hydrogels compared with gelatin/PVA 
hydrogel without AgNPs.  
A hash (#) represented a significant difference at p < 0.05 relative to 60:40 hydrogels (30 kGy) without 

AgNO3. 
 
4.10 In vitro biodegradation 

 In the previous part, the biodegradation of gelatin/PVA hydrogels was tested for 
24 h. In this part, we tested the in vitro biodegradation of hydrogels for 6, 12, 18, and 24 
h. Figure 4.13 showed the degradation of the hydrogels with and without AgNO3 for 6, 12, 
18, and 24 h. Remaining weights were in the range of 36-91 %. There were significant 
differences between remaining weights of hydrogels with and without AgNO3 in the same 
duration of time. However, there was no significant difference between remaining weights 
of hydrogels without AgNO3 and hydrogels with AgNO3 0.25 wt% at 24 h. There was no 
significant difference between remaining weights of hydrogels without AgNO3 and 
hydrogels with AgNO3 0.50 wt% at 12 h. 



 79 

 
Figure 4.13 Remaining weight after in vitro biodegradation of AgNP/gelatin/PVA hydrogels 
compared with gelatin/PVA hydrogel without AgNPs in PBS with lysozyme for various 
incubation time.  
A hash (#) represented a significant difference at p < 0.05 relative to the remaining weight of 60:40 
hydrogels (30 kGy) without AgNO3 at the same incubation time. 
 

4.11 Morphology 

 SEM images of hydrogels were shown in Figure 4.14. The hydrogels showed 
porous network structures. The appearances of pores were elliptical and irregular shapes. 
The pore diameter was approximately 1-5 µm. However, the nanoparticles in the 
structures of hydrogels were not observed in the SEM images.  
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Figure 4.14 Representative SEM images (scale bar = 10 µm) of AgNP/gelatin/PVA (60:40) 
hydrogels with (a) AgNO3 0.25 wt%, (b) AgNO3 0.50 wt%, (c) AgNO3 0.75 wt%, and (d) 
AgNO3 1.00 wt%. 

 
4.12 Chemical Bondings and Functional Groups 

 FTIR spectra of the hydrogels at 100:0, 60:40, and 60:40 with AgNO3 1.00 wt%, 
which were irradiated at 30 kGy, are shown in Figure 4.15. According to the characteristic 
of IR absorption bands in Table 4.3, FTIR spectrum of neat gelatin hydrogel showed a 
peak at 3289, 2920, 1630, and 1528 cm-1 corresponding to –NH stretching of the 
secondary amide, C-H stretching, C=O stretching, and N-H bending, respectively.  
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Figure 4.15 FTIR spectra of gelatin, gelatin/PVA, and AgNP/gelatin/PVA hydrogels. 
 
Table 4.3 Characteristic of IR absorption bands 

Frequency (cm-1) Functional group 
3400-3200 N-H stretching band 
3100-2800 C-H stretching band 
1660-1600 C=O stretching band 
1565-1500 C-N-H bending band 
1480-1300 C-H bending band 

Reference: Derrick, M. R., 1999. (156) 
 

Characterization of AgNPs Formation 
 
4.13 SPR Phenomenon 

 An optical property of AgNPs is one of the property to be used to confirm the 
formation of AgNPs. A characteristic peak of surface plasmon resonance (SPR) band of 
AgNPs is around 410-430 nm (104, 157-160). As seen in Figure 4.16, there was no sign 
of peak or shoulder of spectra of hydrogels without AgNO3. The spectra of gelatin/PVA 
hydrogel with AgNO3 0.25 wt% showed a shoulder between approximately 372 nm and 

2920 
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439 nm. The gradual declines were found in the spectrum of gelatin/PVA hydrogel with 
AgNO3 0.50, 0.75, and 1.00 wt%. 
 

 

Figure 4.16 UV-vis absorption spectra of gelatin/PVA hydrogel and gelatin/PVA hydrogels 
with AgNO3 0.25, 0.50, 0.75, and 1.00 wt%. 
 

4.14 Diameters of AgNPs and Elemental Analysis 

 The TEM micrographs of the AgNPs are shown in Figure 4.17. The sizes of the 
AgNPs in this study are quite small. The sizes, which represent as mean ± SD, of AgNPs 
in gelatin/PVA hydrogel with AgNO3 0.25, 0.50, 0.75, and 1.00 wt% are 4 ± 1, 3 ±1, 4 ± 1, 
and 4 ± 1 nm, respectively. The size distributions of AgNPs are shown in Figure 4.18. The 
largest particles have a diameter of 8 nm which are good for antibacterial performance. 
The nanoparticles with diameters less than 10 nm have high efficiency for antibacterial 
activity. These small particles can attach bacteria directly (126). Moreover, the TEM 
images in Figure 4.17 demonstrated that the hydrogel structure can prevent the 
aggregation of AgNPs. 
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 (a)     (b)  
 

(c)     (d)  
 

Figure 4.17 TEM images (scale bar = 20 nm) of AgNPs in AgNP/gelatin/PVA hydrogels 
(a) 0.25 wt%, (b) 0.50 wt%, (c) 0.75 wt%, (d) 1.00 wt% 
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(a)     (b) 

 
(c)     (d) 

 
Figure 4.18 Size distribution of AgNPs in gelatin/PVA hydrogel with AgNO3 (The diameters 
of particles in the TEM images were sized by SemAfore program.) (a) AgNO3 0.25 wt%, 
(b) AgNO3 0.50 wt%, (c) AgNO3 0.75 wt%, and (d) AgNO3 1.00 wt%. 
 

Figure 4.19 shows the results of EDX analysis which confirm the persistence of 
silver element in the hydrogel structure. In Figure 4.19, the EDX spectrum displays 
characteristic L-series peaks of silver which located between 2.63 to 3.82 keV (161). EDX 
peaks of silver (Ag) were observed in all hydrogels. Table 4.4 shows the proportion of 
carbon, oxygen, and silver element in hydrogels with AgNO3 by EDX. The weight 
percentage of silver was increased when the amount of AgNO3 was increased. The weight 
percentage of silver was higher than the amount of AgNO3 added. 
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(a)      (b) 

  
 

(c)      (d) 

  
  
Figure 4.19 EDX analysis of AgNP/gelatin/PVA hydrogels (a) AgNO3 0.25 wt%, (b) AgNO3 
0.50 wt%, (c) AgNO3 0.75 wt%, and (d) AgNO3 1.00 wt%. 
 
Table 4.4 Weight% of element in hydrogels with AgNO3 by EDX. 
 

AgNO3 wt% Carbon (C) Oxygen (O) Silver (Ag) 
0.25 64.78 32.95 2.27 
0.50 64.90 30.34 4.77 
0.75 67.80 23.00 9.21 
1.00 57.56 29.90 12.53 
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4.15 Silver-release 

 Figure 4.20 (a) shows the release profiles of silver from AgNP/gelatin/PVA 
hydrogels. Figure 4.20 (b) shows the release profiles of silver, which represent as percent. 
A fresh hydrogel was investigated at each time duration. It was seen that the amount of 
released silver was increased when the amount of AgNO3 was increased. The rapid 
release was shown at the initial part of the release profile. The slow release was shown 
after 6 h.  
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(a) 

 
(b) 

 
Figure 4.20 Release profiles of silver from AgNP/gelatin/PVA hydrogels. 
(a) amount of silver (b) percent. 
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Part III: Determination of the Effects of AgNP/gelatin/PVA Hydrogels on Fibroblast Cells 
and Bacteria 

 

4.16 Indirect Cytotoxicity Testing 

 The ability to kill bacteria is an outstanding characteristic of the wound dressing 
with antibacterial agent. But the cytotoxicity to human cells is also important. Therefore, 
we investigated the indirect cytotoxicity of AgNP/gelatin/PVA hydrogels on normal human 
dermal fibroblasts. Figure 4.21 presents the viability of normal human dermal fibroblasts 
that was cultured with extraction media of gelatin/PVA hydrogels with and without AgNO3 
for 1 d (24 h) and 3 d (72 h). The solution from blank well was used as control. The cell 
viability of all hydrogels was greater than 80%. There was no significant difference 
between cell viability of control and gelatin/PVA without AgNPs. There was significant 
difference between cell viability of hydrogels with AgNO3 and control group. However, at 
3 d, cell viability of hydrogels with AgNO3 0.25 wt% was not significantly different 
compared to the control group. Results from indirect cytotoxicity testing revealed that cell 
viability of hydrogels with AgNO3 was decreased when the amount of AgNO3 was 
increased. 
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Figure 4.21 Viability of normal human dermal fibroblasts that was cultured with extraction 
media of gelatin/PVA hydrogels with and without AgNO3 for 1 d (24 h) and 3 d (72 h). The 
solution from blank well was used as control. 
An asterisk (*) represented a significant difference at p < 0.05 relative to cell viability of control group 
at the same time duration. 

 
4.17 Antibacterial Activity 

 Counting the colonies of bacteria is an effective way to determine the number of 
viable and productive bacteria. As seen in Figure 4.22, the anti-bacterial efficacy of 
gelatin/PVA hydrogels with AgNO3 was quite similar (almost 100%). Figure 4.23 shows a 
diagram of sample and clear zone observed after the test. Table 4.5 shows the results of 
the diameter of the hydrogel sample after testing and the length of the clear zone. The 
gelatin/PVA hydrogels without AgNO3 and the antibiotic discs of Gentamicin 10 µg and 
Vancomycin 30 µg were used as the negative control and the positive control, 
respectively. There were slightly clear zones around the AgNP/gelatin/PVA hydrogels, but 
there was no clear zone around the AgNO3 1.00 wt% hydrogels. Many AgNP/gelatin/PVA 
hydrogels were soft after the test. There was no bacterial growth in area of soft hydrogels. 
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The NB agar under the gelatin/PVA hydrogels without AgNO3 showed opaque 
appearance, indicating the growth of bacteria. 
 

 
Figure 4.22 Antibacterial efficacy of AgNP/gelatin/PVA hydrogels compared with 
gelatin/PVA hydrogel without AgNPs. 
A hash (#) represented a significant difference at p < 0.05 relative to antibacterial efficacy of 
gelatin/PVA hydrogel without AgNPs at the same type of bacteria. 
 
 
 
 
 
 
 
 
 

Figure 4.23 Diagram of sample and clear zone. 
Gray circle represents sample. White ring represents clear zone. 
 

Clear zone 
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Table 4.5 Average diameter of the gelatin/PVA hydrogel samples and antibiotic discs 
before and after antibacterial activity test, and clear zone after zone of inhibition test.  
 

Samples 

Diameter 
of the 

sample 
before 

test (mm) 

Diameter of the sample after 
test (mm) 

Clear zone (mm) 

E. coli 
S. 

aureus 
MRSA E. coli 

S. 
aureus 

MRSA 

Gelatin/PVA 15 ± 0 15 ± 0 15 ± 0 15 ± 0 0 ± 0 0 ± 0 0 ± 0 

Gelatin/PVA 
AgNO3 0.25 

wt% 
15 ± 0 15 ± 0 15 ± 0 16 ± 0 1 ± 0 1 ± 0 1 ± 0 

Gelatin/PVA 
AgNO3 0.50 

wt% 
15 ± 0 18 ± 0 18 ± 0 19 ± 0 0 ± 0 1 ± 0 0 ± 0 

Gelatin/PVA 
AgNO3 0.75 

wt% 
15 ± 0 27 ± 2* 20 ± 0 24 ± 0* 0 ± 0 2 ± 0 0 ± 0 

Gelatin/PVA 
AgNO3 1.00 

wt% 
15 ± 0 24 ± 3* 26 ± 2* 26 ± 1* 0 ± 0 0 ± 0 0 ± 0 

Gentamicin 

10 µg 
7 ± 0 7 ± 0 7 ± 0 7 ± 0 5 ± 0 5 ± 1 1 ± 0 

Vancomycin 

30 µg 
7 ± 0 - - 7 ± 0 - - 6 ± 1 

 
An asterisk (*) mean that the samples were soft. 
 
 



 

 

CHAPTER 5 
DISCUSSIONS AND CONCLUSIONS 

5.1 Discussions 

Part I: Preparation and Characterization of Gelatin/PVA Hydrogel 

 An appropriate wound dressing contributes a suitable wound environment, which 
could promote wound healing. Since the first study of moist wound healing by Winter in 
1962 (54), the interest in moisture-retentive wound dressing was increased. The modern 
wound dressings have moisture-retaining ability. Hydrogel is one of the modern wound 
dressings.  
 
 To develop wound dressing hydrogel, gelatin/PVA hydrogel was prepared by 
gamma-ray irradiation. In the first part, the proportions of hydrogel component and doses 
of gamma radiation were varied to find out suitable conditions for preparing hydrogels for 
wound dressing application. Gelatin, a natural material, was the major component in this 
study. The weight ratios of gelatin and PVA solution were 100:0, 80:20, and 60:40. The 
irradiation method is one of the popular techniques to prepare hydrogels. The important 
point of wound dressing is sterilization; therefore the radiation doses used in this study 
were higher than the minimum radiation sterilization dose. The gamma irradiation doses 
used in this research were 30-50 kGy, which was higher than 25 kGy recommended for 
medical sterilization. However, it was noticed that gamma irradiation doses in some 
studies were lower than 25 kGy. H. L. Abd El-Mohdy (2013) used 15, 20, and 25 kGy 
(145). Erizal and Wikanta (2011) used the irradiation doses of 20-40 kGy (140).  
 
 The hydrogel prepared in this research was in a sheet form. Wokalek H. (1991) 
(132) recommended that the thickness of hydrogel sheet should  be between 3-5 mm. 
From Table A.1 and A.2 in appendix, the thickness of obtained hydrogels is about 3.6-4.1 
mm, which is in the range of Wokalek’s suggestion. Thickness of hydrogels is consistent 
with thickness of partial-thickness wound. Partial-thickness wound has a depth of 1-4 mm. 
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(162). This result also demonstrated that the preparation technique could reproduce the 
hydrogel with similar thickness. Thickness of hydrogels is similar to the thickness of 
commercial wound dressing (from the study of Uzun, M., Anand, S. C, and Shah, T. (133), 
Table 2.9), which are Melolin* (3.4 mm), Biatain (3.4 mm), and CarboFlex™ (3.9 mm). 
Thickness of hydrogels is also close to the thickness of Mepilex®Border (4.2 mm), Allevyn 
Gentle Border (4.2 mm), and Aquacel® Surgical (4.2 mm). After the hydrogel sheets were 
prepared successfully, they were characterized, including water holding capacity and 
swelling ratio, WVTR, tensile properties, in vitro biodegradation, and gel fraction. 
 
 To determine the water holding capacity and swelling ratio of hydrogels, PBS that 
stimulated body fluid was used in the testing. The research by Kim et al. (134) reported 
that a suitable water holding capacity of wound dressing polymer should be in the range 
of 90-96%. Their dressing could absorb water efficiently and did not accumulate 
exudates. Table 4.1 shows water holding capacities of hydrogels, which are around 96%. 
The results were in agreement with Kim's recommendation. The gelatin/PVA hydrogels 
produced in this research demonstrated high swelling ratio at around 100-250% as shown 
in Figure 4.1. After 24 h immersion in PBS, the weight of swollen hydrogels was 
approximately 16-33 times compare with the weight of dried gel. The study of Uzun, M., 
Anand, S. C, and Shah, T. (133) reported the weight of the wet commercial wound 
dressings was around 4-19 times compare with the dry mass (Table 2.10), after immersing 
under sodium chloride, calcium chloride dihydrate and de-ionised water for 30 min. 
 
 The hydrogels with increasing quantities of PVA or increasing irradiation dose had 
decreasing water swelling ratios. The decreased swelling ratio could be the result from 
the higher crosslink density of the hydrogels, which happened when the crosslinked 
solution was exposed to a higher irradiation dose (163). The main characteristic of 
hydrogel is the ability to absorb a lot of water. The hydrogels in this study can absorb and 
retain water very well. Gelatin and PVA, which were the main components of the 
hydrogels, are hydrophilic substances. Methionine, tyrosine, and cystine, which found in 
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gelatin, are polar amino acids. These hydrophilic amino acids in gelatin result in an 
excellent contact with water (164). PVA is also hydrophilic. The side chain of PVA has a 
large number of hydroxyl groups, which cause PVA hydrophilic (165).  
 
 Water vapor transmission rate (WVTR), which is referred to as moisture vapor 
transmission rate (MVTR), is one of the essential factors of wound dressing. WVTR of the 
hydrogels in this study decreased when the amount of PVA or irradiation dose 
increased.Commercial wound dressing products exhibit a wide range of WVTR, which is 
between 76-9360 g/m2/day (131). Although there are broad ranges of WVTR for 
commercial wound dressings, a suitable range of WVTR is quite limited. The research by 
Queen et al. revealed that WVTR of 2000-2500 g/m2/day could preserve wound moisture 
properly (138). WVTR of the hydrogels in this study, shown in Figure 4.2, were 
approximately between 3000-5400 g/m2/day. Some commercial wound dressing show the 
approximate WVTR value as the hydrogels in this study, such as Omiderm (Omikron 
Scientific Ltd., Rehovot, Israel). The WVTR of Omiderm is 5,000 g/ m2/day (166). WVTR of 
hydrogels in this study was higher than Queen’s suggestion. However, the high WVTR 
dressing still has its own advantage. It could avoid exudates accumulation (167). 
Jonkman, M. F. and colleagues (1988) (168) studied wound healing under three 
conditions, which are covering with polyetherurethane (PEU) wound dressing, occlusive 
polyurethane wound dressing (OpSite), and air exposure. They discovered that the 
application of PEU wound dressing, which is highly water vapor permeable, can stimulate 
the epithelization more than two other methods for wound healing. In 1990, Jonkman, M. 
F. and colleagues (169) found that the enhanced epithelization is related with an abundant 
condensation of fibrin(ogen) and fibronectin. 
 
 Moreover, the research by Queen et al. (170) showed that an adhesive bandage 
covering on hydrogels could reduce the WVTR. High WVTR may be the result from the 
test method. Wu and colleagues (2007) (171) compared MVTR measurement test method. 
Three methods, which are ASTM F1249, ASTM E96(E), and ASTM E96(B), were 
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compared. Test method using different temperatures and condition cause dissimilar 
results. MVTR values from ASTM F1249 method (37.8°C) is approximately 10 times higher 
than the MVTR values for the same film tested by ASTM E96(B) method (23°C). High WVTR 
values in our study (3000-5400 g/m2/day) may be the result of testing temperature at 37°C, 
which is considered high compared to the temperature used in another method, such as 
ASTM E96(B) method (23°C). 
 
 Mechanical testing of hydrogels is extremely difficult because of their soft surfaces 
and abundant fluid inside hydrogels (172). ASTM D638, which is a standard test for tensile 
properties of plastics, was selected to test our hydrogel because PVA is a thermoplastic. 
However, the hydrogels in this study were very slippery and soft. When the hydrogel 
samples were pulled too fast or too slow, the sample broke or slipped from the grip. 
Another issue is a narrow section of the sample that can be torn easily. To solve these 
problems, we decided to adjust ASTM D638. The pull speed of 22 mm/min was selected. 
The 6 mm standard width of narrow section was extended to 10 mm. The overall width of 
sample was extended from 19 mm (the width of type IV) to 25 mm, which was specified 
in catalogue of plastic testing such as Zwick Roell (173). 
 
 Mechanical properties is one of the important characteristic of wound dressing. 
Wound dressing with greater flexibility can comfortably bend on skin curve (140). 
Flexibility depends on the type of wound dressing. Film dressing has less flexibility 
compared with hydrogel dressing. Peh, K. and colleague (2000) (174) reported that 
Omiderm® film dressing has an elongation at break of 56 %. Chitosan-AA and Chitosan-
LA film dressing have elongation at break of 21 % and 67 %, respectively. Erizal, E. and 
Wikanta, T. (2011) (140) reported that polyethylene oxide-chitosan hydrogel wound 
dressings have elongation at break of 90-145% approximately. Tensile test was used to 
investigate the mechanical property of the hydrogel in this study. Results of percentage 
strain at maximum load were shown in Figure 4.4. The percentage strain at maximum load 
of the hydrogels was increased when the amount of PVA was increased. It could be 
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explained that the brittleness of gelatin was lessen by the toughness or viscoelastic 
properties of PVA (175). At the same time, the increasing irradiation dose resulted in 
decreasing of percentage strain at maximum load. Results of stress at maximum load 
were also described in Figure 4.5. Stress at maximum load of the neat gelatin hydrogels 
was decreased when the irradiation dose was increased. A preliminary study showed 
that, the stiffness of the gelatin hydrogels irradiated at 40 kGy (71.15 ± 27.22 kN/m) was 
higher than the stiffness of the gelatin/PVA 80:20 hydrogel irradiated at 40 kGy (58.58 ± 
37.25 kN/m) (176). The mechanical testing results of hydrogel have a wide range of SD. 
These results could be the effect of the inexact received irradiation dose. The hydrogels 
in this study were aimed to be irradiated at 30, 40, and 50 kGy. The values of the received 
irradiation doses in the form of mean values ± SD were 29.98 ± 2.55, 41.50 ± 2.72, and 
50.77 ± 0.70 kGy. In addition, several factors could influence the mechanical properties 
of hydrogels (177). For example, water loss or evaporation during  testing may cause an 
increasing moduli (178). 
 
 The next testing is degradation. In vitro biodegradation of hydrogels was 
investigated in PBS containing lysozyme. Lysozyme is an enzyme that can be detected in 
wound and blister fluid (153). In this part, time interval of degradation is 24-hour period 
(same as once-daily wound dressing change). There was no significant difference 
between remaining weight of all hydrogels. As seen in Figure 4.6, the hydrogels with 
higher irradiated dose or more PVA content demonstrated higher remaining weight. 
Remaining weight of 100:0 hydrogel which irradiated at 30 kGy was the least. Remaining 
weight of 60:40 hydrogel which irradiated at 50 kGy was the highest. Crosslinking process 
produces gel fraction and sol fraction. The gel fraction is “the network content of the 
polymer” and the sol fraction is “a fraction of unattached polymer” (179). The gel fraction 
was used as an indirect estimation of the degree of crosslinking. At first, the hydrogels 
were dried. Then, they were immersed in an excess solvent to get rid of sol fraction. The 
gelatin/PVA hydrogels with more PVA content had more gel fraction, which can be related 
to the differences in the dissolution properties of gelatin and PVA (180). The higher 
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irradiation dose causes an increase in the degree of crosslinking and leads to higher gel 
fraction.  
 
 In this part, the gelatin hydrogels and gelatin/PVA were characterized physical 
and mechanical properties. Water holding capacity, swelling ratio, and WVTR are the 
properties that associated with water. Water holding capacity and WVTR were decreased 
when amount of PVA was increased. Polymer in this study is PVA with high degrees of 
hydrolysis (99+% hydrolyzed). The high degrees of hydrolysis PVA is difficult to dissolve 
in water (181). Water holding capacity, swelling ratio, and WVTR were decreased when 
irradiation dose was increased. The hydrogels that were irradiated with higher irradiation 
dose had an increasing degree of crosslinking. The degree of crosslinking had an effect 
on structure and swelling behavior of hydrogel (182, 183). An increase in the degree of 
crosslinking also causes the hydrogel become less flexible (184). It has been noticed that 
percentage strain at maximum load were decreased when irradiation dose was increased 
(Figure 4.4). 
 
 After considering all results, we selected the gelatin/PVA 60:40 hydrogels, 
irradiated at 30 kGy, for further study on AgNPs incorporation since they had suitable 
water holding capacity, high remaining weight after degradation test, and the highest 
percentage strain at maximum load. Although the 60:40 hydrogels, which were irradiated 
at 50 kGy, had the highest remaining weight after degradation test, but they had less 
percentage strain at maximum load. 
 
Part II: Preparation and Characterization of Gelatin/PVA Hydrogel Containing AgNPs 

 In this part, AgNO3 was used to create AgNPs for antibacterial activity. AgNo3 was 
added in the gelatin/PVA 60:40 hydrogels irradiated at 30 kGy to produce the 
AgNP/gelatin/PVA hydrogels. Purposes of this part are to prove the existence of AgNPs 
and to investigate the effects of AgNPs in hydrogel. Then the properties of 
AgNP/gelatin/PVA hydrogels were tested again.  
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 The values of swelling ratio of the AgNP/gelatin/PVA hydrogels were higher than 
the gelatin/PVA hydrogels (Figure 4.8). This incident occurred due to a certain part of 
radiation was used for Ag+ reducing. Therefore, the AgNP/gelatin/PVA hydrogels were 
crosslinked by the remaining radiation but the gelatin/PVA hydrogels were obtained entire 
irradiation dose. The hydrogels without AgNPs could have a greater crosslink density 
(121). The values of WVTR of AgNP/gelatin/PVA hydrogels were quite similar (Figure 4.9). 
There was no significant difference. 
 
 The next experiment is a tensile test. From Figure 4.10, it was found that the 
hydrogels with higher amount of AgNO3 had less percentage strain at maximum load. The 
functional groups of gelatin, which are -OH, C=O, and -NH groups (185), and functional 
group of PVA, which is -OH group, bound with Ag+ and form AgNPs. This nanoparticle 
formation may interrupt the matrix of hydrogel and lead to a lower percentage strain (186). 
The stress at maximum load also decreased with more amount of AgNO3. 
 
 The following test is an in vitro biodegradation. Time intervals of degradation of 
AgNP/gelatin/PVA hydrogel were divided into four intervals, which were 6, 12, 18, and 24 
h, as shown in Figure 4.12. Time interval of changing dressing on burn wounds was 
advised by World Health Organization (WHO). Daily or twice daily changing is 
recommended for daily treatment of burn (187). Remaining weights of the 
AgNP/gelatin/PVA hydrogels were approximately 37-52% and 49-83% at 24 h interval and 
12 h interval respectively. In clinical use, there is a secondary dressing cover the hydrogel, 
which is a primary dressing. Therefore, the remaining weight at 12 h could be sufficient. 
After that, gel fraction was investigated. Gel fraction of AgNP/gelatin/PVA hydrogels was 
decreased when the amount of AgNO3 was increased. These results could be explained 
by the binding of Ag+ with the functional groups of gelatin and PVA, which was described 
in the previous section. The morphology of AgNP/gelatin/PVA hydrogels, examined by 
SEM, showed that the hydrogels had porous network structures, with pore diameter 
between 1-5 µm. The porous characteristic of wound dressing is permeable for water 
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vapor and wound exudates. The permeability of wound exudate can prevent bullae 
formation (188).  
 
 Next process is chemical composition analysis. There are many techniques to 
analyze chemical composition such as nuclear magnetic resonance (NMR), Mass 
spectrometry (MS), and FTIR. Each technique has different limitations. An NMR sample 
must be dissolved in a deuterated solvent and solution sample has to be prepared 
properly (189, 190). Our crosslinked hydrogels were not soluble, therefore solution-state 
NMR was not a suitable technique. Another kind of NMR was a solid-state NMR. A 
weakness of solid-state NMR is broad spectra, which is broader than solution-state NMR 
spectra. The solid-state NMR outcome is not as well as solution NMR (190). MS technique 
also has its own limitation. Molecular weight of MS sample is limited to the tens of 
kilodalton range (191). Therefore, MS may not be suitable for our hydrogels. We examined 
the functional group of our hydrogels using FTIR technique. FTIR is used to investigate 
molecular structures in many biomaterial researches (192-194). From Figure 4.15, the neat 
gelatin hydrogel had the spectrum with a peak at 3289 cm-1 attributed to –NH stretching, 
C=O stretching at 1630 cm-1, and N-H bending at 1528 cm-1. The FTIR spectrum of the 
gelatin/PVA hydrogel was similar to the spectrum of neat gelatin hydrogel. However, the 
peaks at 3289 cm-1, in the spectra of neat gelatin and gelatin/PVA hydrogel, were broad 
indicating hydrogen bonds between the hydroxyl groups of PVA, gelatin and amide 
groups of gelatin. FTIR spectrum of the AgNP/gelatin/PVA hydrogel exhibited a broad 
peak compared to other spectrum. This might be due to the effect of reduced AgNPs on 
the functional groups of the polymers (145).  
 
 We used UV-vis analysis to characterize the formation of AgNP. A peak of the 
characteristic SPR band of AgNPs is approximately 410-430 nm (104, 157-160). Intensity 
of the characteristic peak of hydrogels with greater percentage of AgNO3 loaded was 
higher. It can be explained that the AgNPs were formed with higher yields (157). There is 
bare absorbance at 410-430 nm for the hydrogels without AgNO3 because of the absence 
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of AgNPs. EDX analysis also used to prove the existence of silver in our hydrogels. The 
EDX spectrum of all AgNP/gelatin/PVA hydrogels had characteristic L-series peaks of 
silver. This result confirmed the persistence of silver element. 
 
 The result of TEM indicated that the AgNPs in this study were very small, about 2-
8 nm, which is good for antibacterial activity. H. L. Abd El-Mohdy (2013) (145) also 
synthesized AgNPs but in a larger size about 37 nm. The others used other substances 
for antibacterial purpose. Erizal and Wikanta (2011) (140) used chitosan. Singh and Pal 
(2011) (147) used sterculia gum. In this study, the functional groups of hydrogel polymer 
bind the AgNPs, therefore the nanoparticles do not agglomerate into a large size. This is 
one of the advantages of the in situ synthesis of AgNPs. Most of the preparation methods 
of the hydrogel with nanoparticles usually start with prefabrication of nanometal, and 
follow by impletion of nanoparticles into hydrogel ingredient (195). Later, the 
agglomeration of AgNPs may occur, and explode the abundant of silver to the body which 
can cause toxicity (196, 197).  

 
 This study investigated the release characteristic of silver by mimic the wound 
dressing. The hydrogels were placed on the CA sheet and on the body of the Franz cell. 
With this method, the hydrogels can release silver from only one side of the material, just 
like the wound dressing released the drug from only one side that attached to the wound 
area. Silver was released rapidly at the beginning and slowed down after 6 h (Figure 4.20). 
This situation was explained that the Ag+ released in the earliest stage of the experiment 
originated from the silver particles at the surface of the hydrogels. The Ag+ came out 
quickly and did not require the diffusion process migrate from the inside of the hydrogels. 
After that, the majority of the released Ag+ transported from the inside of the hydrogels to 
the surface. This process needed diffusion (198). Media that be used in the silver-release 
experiment is PBS, which is biological media. However, percent of released-silver is low. 
This incident could be caused by using PBS as media. Cations from PBS can effect AgNP 
agglomeration and silver dissolution. Ag+ from AgNPs bind chloride ions from media and 
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construct AgCl complexes, which have low solubility. Obtainable Ag+ decreased due to 
precipitation of these complexes (199) 
 
Part III: Determination of the Effects of Gelatin/PVA Hydrogels Containing AgNPs to 
Fibroblast Cells and Bacteria 

 Silver is a common antiseptic agent in topical treatment of wound. Ability of Ag+ 
to destruct bacteria can be toxic to cells. Therefore, cytotoxicity test was used to 
determine the toxicity to human dermal fibroblasts. MTT assay can measure the cell 
proliferation and viability. From Figure 4.21, all of cell viabilities were greater than 80%. 
Durations of cytotoxicity testing are 24 h (1 d) and 72 h (3 d), which are the same as 
covering period of commercial dressing. Durations of use of ActicoatTM are 1-3 days (75). 
Cell viability of control group and gelatin/PVA hydrogels without AgNPs had no significant 
difference. Cell viability of hydrogel with AgNO3, except hydrogel with AgNO3 0.25 wt% 
for 3 days, were significantly different compared to control group. This finding indicated 
that gelatin and PVA did not have serious toxicity to fibroblasts, while AgNPs had some 
toxic. Cell viability of hydrogel with AgNO3 were 84-92% approximately. The wavelength 
in our study was 570 nm. The wavelength can be used in the range of 550-600 nm (200). 
 
 Cytotoxicity of commercial silver antimicrobial dressings has been investigated by 
Ziegler and colleagues (201). Three silver antimicrobial dressings (Acticoat, Actisorb 
silver 220, and Atrauman Ag) were tested with human keratinocyte cell line. Atrauman Ag 
and Actisorb silver 220 showed low cytotoxicity. Viability of keratinocytes with Atrauman 
Ag and Actisorb silver 220 were 90% and 80%, respectively, whereas Acticoat exhibited 
high cytotoxicity with 2% of cell viability. The eluate from cytotoxic test was determined 
the concentration of Ag+ to find out the relationship between the result of cytotoxic test 
and the concentration of Ag+. Acticoat, the most toxic, released the highest Ag+ 
concentration of 71.4 ppm. Atrauman Ag and Actisorb silver 220 released Ag+ 
concentration of 2.3 and 0.38 ppm respectively. Our hydrogels exhibited low toxicity with 
at least 80% of cell viability. From the result of silver-release assay (Figure 4.20), our 
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hydrogels with AgNO3 released low concentration of Ag+, which was less than 0.9 µg/mL 
(ppm) in 24 h.  
 
  Other cell tests in our study were antimicrobial activity assays and zone of 
inhibition test. Bacteria in this study were Gram-negative bacteria (represented by E. coli), 
Gram-positive bacteria (represented by S. aureus), and antibiotic resistant bacteria 
(represented by MRSA). Wound infection could postpone healing (202). E. coli and S. 
aureus were reported as two of the most commonly pathogen, which cause hospital 
infections (203). S. aureus also was the most common bacteria found in venous ulcer 
(204). MRSA was the cause of sepsis in burn wound (205). Figure 4.22 showed anti-
bacterial efficacy of hydrogels. The hydrogels with AgNPs had high anti-bacterial efficacy. 
However, it has been noticed that the hydrogels without AgNPs (0.00 wt%) also had 
moderately anti-bacterial efficacy. Antibacterial efficacy of the hydrogels without AgNPs 
against E. coli was approximately 40%, and against MRSA was approximately 60% while 
against S. aureus was only a few percent. These moderately anti-bacterial efficacies to E. 
coli and MRSA were suspicious. Safety data sheet of gelatin did not report the toxicity 
(206). Toxicological effects of PVA was reported only oral LD50 of rat (207). Gamma 
irradiation did not leave any toxic residues (208). Reducing of viable bacterial colonies 
after exposure to hydrogels without AgNPs could be caused from limitations and error of 
our laboratory experiment. 
 
 Bacteria are fast-growing organisms. Generation time or doubling time of E. coli 
in optimal condition is about 20 min (209). Generation time of S. aureus and MRSA is 30 
min (210, 211). In general, the incubation time at 35°C to prepare bacterial suspension 
equivalent to 0.5 McFarland standard is 2-6 h (212). We incubated bacterial suspension 
for 24 h due to the laboratory limitation. Our bacterial suspension could move on the death 
phase or decline phase, which store toxic and autolytic enzymes (213). These toxic and 
enzymes may have negatively impact on remaining bacteria.  Anti-bacterial efficacies of 
hydrogels with various amount of AgNPs (0.25, 0.50, 0.75, and 1.00 wt%) were very 
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similar. This incident occurred because the period of incubation with hydrogels was too 
long (3 h). Actually, the incubation period should be divided, such as 30, 60, 90, 120 min. 
Anti-bacterial efficacies of hydrogels in short incubation time could be different depending 
on AgNO3 amount. 
 
 Many AgNP/gelatin/PVA hydrogels were soft after the test because reduction of 
AgNPs reduced the crosslinking density of the hydrogels. The diameter of hydrogels in 
antibacterial activity test was increased when the amount of AgNO3 was increased. The 
hydrogels with greater amount of AgNO3 had decreased gel fraction, which imply the less 
degree of crosslinking. The decreased degree of crosslinking cause the increased 
diameter. The result appears to contradict swelling ratio result, which was decreased 
when the amount of AgNO3 was increased. Media in swelling test is PBS. AgNP 
aggregated and precipitated in PBS (214). This incident may influence swelling ratio 
result. However, there was no bacterial growth in the area of soft hydrogels. Thus the 
diameter of the soft hydrogels could claim as the clear zone. The NB agar under the 
gelatin/PVA hydrogels without AgNO3 had opaque appearance indicated the presence of 
bacteria growth, so it did not count as a clear zone. The length of the clear zone hardly 

appeared while the percentage of anti-bacterial efficacy was very high. The conflict was 

explained by the reason that the inhibition of bacterial growth on agar related with the 
diffusion of the released Ag+ from the hydrogels. But the hydrogels in antimicrobial activity 
assays was shaken, therefore the part of Ag+ was released out by shaking force. The 
results of the effects of AgNP/gelatin/PVA hydrogels to bacteria supported our hypothesis 
that AgNPs could prevent the growth of bacteria on the hydrogel.  
 
5.2 Conclusions 

 The developed gelatin/PVA hydrogels containing AgNPs was accomplished 
through gamma irradiation method. Gamma irradiation could crosslink polymer, produce 
AgNPs from AgNO3, and sterile material within single step. The properties of hydrogel, 
which are water holding capacity, swelling ratio, WVTR, mechanical property, in vitro 
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biodegradation and gel fraction, were tested. The physical properties testing revealed 
that the addition of PVA can enhance elasticity and resistance to degradation of the 
hydrogels. The higher irradiation dose caused an increase in the degree of crosslinking 
of the hydrogels. However, the hydrogels with more content of AgNO3 had the decreasing 
degree of crosslinking. 
 
 The AgNPs were prepared in this study. Ag+ from silver nitrate aggregated to form 
AgNPs. The presence of AgNPs in the hydrogel structure was confirmed by TEM 
micrographs, monitoring of the surface plasmon peak using UV-vis spectrophotometer, 
and confirming the existence of silver using EDX. The indirect cytotoxicity of hydrogels 
with AgNPs showed that all of hydrogels with AgNPs had low cytotoxocity to fibroblasts. 
 
 The ability to use gelatin/PVA hydrogels containing AgNPs as an antibacterial 
wound dressing was investigated using E. coli, S. aureus, and MRSA. The results showed 
that the hydrogels with AgNPs can eliminate bacteria effectively. The highest AgNO3-
loaded content (1.00 wt%) hydrogel had the best antibacterial property. But the hydrogel 
with the lowest AgNO3-loaded content (0.25 wt%) had the better mechanical property. 
The gelatin/PVA hydrogel with low content of AgNO3-loaded (0.25 wt%) could be 
developed to use as the effective sterile antibacterial wound dressing in the form of 
hydrogel sheet. 
 
 The gelatin/PVA hydrogels containing AgNPs in this study were expected to be 
used as an antibacterial wound dressing for dry or slightly moist wounds. Wound healing 
mechanisms of gelatin/PVA hydrogels containing AgNPs are to provide moist wound 
environment and to prevent wound infection. Highly water vapor permeability and 
moisture from hydrogel is supposed to promote epithelialization. Hydrogel could absorb 
some wound exudate. AgNPs and Ag+ are expected to perform antibacterial activity. 
Hydrogels in this study are suggested to apply to minor or partial thickness burn wounds 
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in the proliferative phase. It is recommended to change the hydrogel dressing every 12 
h. 
 
5.3 Recommendations 

 The further investigation should focus on the effect of hydrogels to wound healing. 
The pH value is an important factor for the reactions in the wound healing process (215). 
Aggregation of silver particles is related to pH (216, 217). Therefore, the effect on pH of 
AgNP/gelatin/PVA hydrogels should be further studied. The next steps of investigation 
should be an evaluation of healing potential of hydrogels in animal test. 
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DATA TABLES 

 

Table A.1 Thickness of hydrogels (in mm) 

Hydrogels 

Gelatin:PVA 

Irradiation dose (kGy) 

30 40 50 

100:0 3.688 ± 0.383 3.623 ± 0.339 3.853 ± 0.146 

80:20 3.947 ± 0.078 3.860 ± 0.086 3.904 ± 0.215 

60:40 3.735 ± 0.167 3.879 ± 0.108 4.063 ± 0.066 

 

Table A.2 Thickness (mm) of of AgNP/gelatin/PVA hydrogels compared with 60:40 

gelatin/PVA hydrogel without AgNPs (30 kGy) 

AgNo3 wt% 

0.00 0.25 0.50 0.75 1.00 

3.735 ± 0.167 3.890 ± 0.169 3.944 ± 0.304 3.911 ± 0.113 3.877 ± 0.110 
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Table A.3 Swelling ratio and WVTR of hydrogels 

Hydrogels 
Gelatin:PVA 

(kGy) 

Swelling ratio 
(%) 

WVTR 

(g/m2/day) 

100:0 (30) 196.80 ± 27.15 5400.00 ± 522.46 

80:20 (30) 180.82 ± 45.78 4758.33 ± 113.42 

60:40 (30) 171.00 ± 31.41 4170.83 ± 220.20 

100:0 (40) 139.82 ± 3.17 4816.67 ± 268.77 

80:20 (40) 138.92 ± 10.52 4679.17 ± 365.79 

60:40 (40) 128.94 ± 12.93 3425.00 ± 159.59 

100:0 (50) 123.77 ± 3.61 4516.67 ± 104.83 

80:20 (50) 119.05 ± 14.48 4262.50 ± 489.10 

60:40 (50) 117.51 ± 3.65 3008.33 ± 239.25 

60:40 (30) 
AgNO3 0.25 wt% 

226.74 ± 0.96 4645.83 ± 349.18 

60:40 (30) 
AgNO3 0.50 wt% 

231.25 ± 3.18 4462.50 ± 261.01 

60:40 (30) 
AgNO3 0.75 wt% 

210.53 ± 9.95 4287.50 ± 100.00 

60:40 (30) 
AgNO3 1.00 wt% 

166.46 ± 6.39 4250.00 ± 189.16 
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Table A.4 Percentage strain at maximum load, and Gel fraction of hydrogels 

Hydrogels 
Gelatin:PVA 

(kGy) 

Percentage strain 
at maximum load 

(%) 

Stress at 
maximum 

load (N/mm2) 

Gel fraction 
(%) 

100:0 (30) 97.00 ± 20.14 0.0439 ± 0.0037 78.03 ± 1.39 

80:20 (30) 141.32 ± 28.29 0.0403 ± 0.0078 71.24 ± 4.74 

60:40 (30) 159.98 ± 12.88 0.0402 ± 0.0059 79.39 ± 0.36 

100:0 (40) 58.64 ± 11.21 0.0319 ± 0.0023 76.02 ± 2.21 

80:20 (40) 128.25 ± 25.00 0.0329 ± 0.0083 73.87 ± 4.07 

60:40 (40) 140.11 ± 22.66 0.0305 ± 0.0033 84.47 ± 0.88 

100:0 (50) 50.47 ± 11.09 0.0281 ± 0.0016 77.48 ± 0.94 

80:20 (50) 113.22 ± 16.17 0.0362 ± 0.0044 80.97 ± 0.19 

60:40 (50) 123.69 ± 28.30 0.0330 ± 0.0051 89.27 ± 3.48 

60:40 (30) 
AgNO3 0.25 wt% 

179.56 ± 15.79 0.0256 ± 0.0075 77.52 ± 1.92 

60:40 (30) 
AgNO3 0.50 wt% 

165.52 ± 27.82 0.0185 ± 0.0022 71.17 ± 1.22 

60:40 (30) 
AgNO3 0.75 wt% 

113.53 ± 10.19 0.0136 ± 0.0033 65.08 ± 2.51 

60:40 (30) 
AgNO3 1.00 wt% 

99.93 ± 10.29 0.0123 ± 0.0061 64.66 ± 3.85 
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Table A.5 Remaining weight (%) after 24 h in vitro biodegradation of hydrogels without 
AgNPs 

 

Table A.6 Remaining weight (%) after in vitro biodegradation of hydrogels with and without 
AgNPs 

 

Table A.7 Release profiles of silver (µg/mL) from AgNP/gelatin/PVA hydrogels 

Irradiation dose 
(kGy) 

Hydrogels 
100:0 80:20 60:40 

30 38.2 ± 20.3 52.1 ± 12.1 62.5 ± 7.4 
40 49.6 ± 17.6 58.6 ± 9.1 54.7 ± 18.5 
50 63.9 ± 14.8 60.4 ± 13.5 75.1 ± 2.5 

Time 
intervals 

(h) 

AgNO3 wt% 
0.00 0.25 0.50 0.75 1.00 

6 77.1 ± 2.1 91.3 ± 1.6 65.0 ± 0.5 66.2 ± 5.5 54.0 ± 4.5 
12 66.4 ± 5.8 83.2 ± 2.3 59.8 ± 0.9 52.0 ± 1.4 49.1 ± 3.2 
18 65.3 ± 4.3 76.8 ± 0.8 44.1 ± 6.8 45.6 ± 4.5 42.5 ± 6.2 
24 62.5 ± 7.4 51.9 ± 3.4 42.0 ± 5.9 38.2 ± 2.7 36.9 ± 5.3 

Time 
intervals (h) 

AgNO3 wt% 
0.25 0.50 0.75 1.00 

0 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 
1 0.112 ± 0.065 0.136 ± 0.061 0.169 ± 0.022 0.171 ± 0.026 
3 0.195 ± 0.017 0.309 ± 0.070 0.302 ± 0.075 0.351 ± 0.073 
6 0.350 ± 0.039 0.442 ± 0.033 0.538 ± 0.022 0.522 ± 0.042 
12 0.471 ± 0.048 0.549 ± 0.037 0.621 ± 0.016 0.678 ± 0.096 
24 0.548 ± 0.018 0.610 ± 0.027 0.685 ± 0.058 0.771 ± 0.034 
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Table A.8 Viability of NHDF that was cultured for 1 d (24 h) and 3 d (72 h) 

Samples Time intervals (d) 

1 3 

Control 100.00 ± 0.00 100.00 ± 0.00 

AgNO3 0.00 wt% 99.08 ± 2.50 92.60 ± 8.10 

AgNO3 0.25 wt% 91.74 ± 3.99 90.97 ± 6.69 

AgNO3 0.50 wt% 90.06 ± 3.12 88.64 ± 2.88 

AgNO3 0.75 wt% 89.52 ± 3.64 86.27 ± 5.53 

AgNO3 1.00 wt% 85.09 ± 4.43 83.80 ± 4.42 

 

Table A.9 Percentage of anti-bacterial efficacy of E. coli, S. aureus, and MRSA 

 

 

 

 

 

 

 

Bacteria 
AgNO3 wt% 

0.00 0.25 0.50 0.75 1.00 
E. coli 43.9 ± 30.7 91.5 ± 11.5 98.6 ± 0.4 98.4 ± 1.6 97.4 ± 0.5 

S. aureus 1.6 ± 4.1 99.4 ± 1.1 99.2 ± 0.4 100.0 ± 0.0 100.0 ± 0.0 
MRSA 62.3 ± 8.6 99.9 ± 0.1 100.0 ± 0.0 100.0 ± 0.0 100.0 ± 0.0 
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