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Abstract  

The physiological milieu of the normal skin is slightly acidic with a pH value ranged between 4 

and 6; for chronic or infected wounds with a higher bacterial load, its pH value is above 7.3. 

Motivated by the fact that monitoring the pH value is an effective way to monitor the status of 

the wound, a novel smart hydrogel wound dressing incorporating modified pH indicator dyes 

was developed. Phenol red (PR) was used as the dye and successfully modified with 

methacrylate to allow a copolymerization with the alginate/Polyacrylamide (PAAm) hydrogel 

matrix. This covalent attachment prevented the dye from leaching out of the matrix. The 

prepared pH responsive hydrogel dressing exhibited a porous internal structure, excellent 

mechanical properties and high swelling ratio, as well as appropriate water vapor transmission 

rate. All these characteristics indicated the hydrogelôs suitability for wound dressing materials. 

The responses of the alginate/P(AAm-MAPR) hydrogel dressing with different calcium and 

water content were also characterized to consider the case of exudate accumulation into the 

hydrogel. It was observed that increased calcium content and reduced water content could 

significantly improve elongation at the break of the hydrogel. The leachability of the dye was 

evaluated by monitoring the absorbance at 568 nm on a UV-Vis spectrometer. From day 3 to day 

7, no loss of the dye was detected, which demonstrated that the covalent attachment of the dye to 

hydrogel substrate can effectively eliminate the dye leaching problem. The color of the hydrogel 

dressing underwent a transition from yellow (pH 5, 6 and 7) to bisque (7.4 and 8) and finally to 

red (pH 9), as pH increased. This range of color change matches the clinically meaningful pH 

range of chronic or infected wounds. Therefore, the developed hydrogel could be used as a 

wound dressing to monitor the wound healing process by a simple colorimetric display. 

  A second aspect of my research involved the exploration of medical grade adhesives, 
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specifically in combination with surface electromyography (sEMG). Sensors to detect sEMG 

signals have been widely used by researchers and clinicians in order to capture electrical signals 

from muscles. While sEMG sensors require an adhesive layer to attach on human skin, the most 

commonly available ones use acrylic adhesives due to their strong tackiness and low cost. 

However, the acrylic adhesives are not reusable, difficult to remove and cause skin stripping in 

some individuals. In addition, they have a tendency to leave residues on skin. Therefore, the 

adhesion performances of several commercial medical grade silicones were evaluated to find 

non-irritative alternatives to acrylic adhesives. The silicone adhesives were tacky, non-toxic, 

non-irritative, and residue-free after removal. Moreover, they were easily washable and allowed 

multiple cycles of adhesion/debonding. These advantages render the material to be an ideal 

solution for prolonged use of the electronic patch. Quantitative analyses on the adhesive 

performances, including peel strength, reusability, and durability, were performed in this 

research. 

 

Key words: hydrogel wound dressing, pH responsive dye, molecular modification, mechanical 

test, silicone adhesives, human skin application 
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Preface 

(Mandatory due to collaborative work) 

Researches on the skin adhesive, presented in Chapters 4 and 5, were conducted as a part of 

research collaboration, led by Professor Jana Rieger in Faculty of Rehabilitation Medicine. 

Experimental methods in sections 4.3.4, 4.3.5, 4.3.6 and 4.3.7 were designed by Kristina Kuffel 

and Dylan Scott, who provided experimental equipment and supplies. Clear Surgical Tape®, 

Band-Aid®, and original Acrylic Pad® used in section 4.3.1 are acrylic adhesives; Nexcare 

Sensitive Skin Tape® and Reusable Self Adhesive® used in section 4.3.1 are silicone adhesives. 

All the data analysis in chapter 5 were my original work, as well as literature review and 

experimental evaluation in chapter 4. A summarized form of chapters 4 and 5 will be submitted to 

a peer-reviewed journal in November. 

Researches on hydrogel wound dressing are described in Chapters 2 and 3. The content will be 

submitted to a peer-reviewed journal in October. Section 6.2.1 in chapter 6 forms a part in a book 

chapter, ñTough Hydrogels: Toughening Mechanisms and Their Utilization in Stretchable 

Electronics and in Regenerative Medicinesò in the book ñHybrid Material and Interfacesò (Ed. By 

Marie Helene Delville & Andreas Taubert; Wiley, in press). Dr. Hyun-Joong Chung was the 

supervisory author of the book chapter, co-authored with three graduate students including myself; 

Dr. Chung planned, assigned, collected and edited the contents. 
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Chapter 1. Intro duction 

 

The pH value within a wound milieu is an important parameter for therapeutic interventions in 

wound care because it both reflects and influences numerous fundamental physiological and 

biochemical processes evolved in wound remodeling [1]. A chronic wound is in an alkaline state 

before healing process; it progresses to a neutral and then an acidic state as healing evolves. 

Therefore, pH can play a role as an indicator of the status wound healing [2]. Lots of methods to 

monitor the pH of the wound have been proposed, mostly based on either electrochemical or 

colorimetric mechanisms [3-5]. Current challenges for these devices include fragility of the 

electrode, complexity in output analysis and lack of flexibility to conform the topography and the 

movement of the wound [6]. Colorimetric pH-responsive tough hydrogel wound dressing has a 

potential to address many of these challenges. By covalently attaching pH indicator dye 

molecules to polymeric backbones, the modified hydrogel can display the status of wound 

healing via a simple color observation. Furthermore, hydrogel wound dressing contains lots of 

water, thus offering various benefits for wound treatment, such as pain control, secretion 

absorption, oxygen permeability and good mechanical properties [7]. 

 

1.1 Skin surface pH and wound pH 

1.1.1 Skin surface pH   

Wounds are analogous to building sites, where degradation of dead tissue intercalates with the 

combination of new structures of extracellular matrix and the covering lining of epithelium. Due 

to this complex regeneration process, wounds are metabolically very active. Many biochemical 
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reactions happen in the metabolism during the wound healing processes, which require an 

optimum pH environment. Therefore, pH is an important parameter for therapeutic interventions 

in wound-care [1]. 

  Under normal conditions the milieu from the surface of skin is acidic, according to the 

discovery of Hesus et al. in 1892 [8], which was later confirmed by Schade and Marchionini in 

1928 [9]. However, up to recent work, the average skin pH value is inconsistently reported for 

human forearm, cheek and forehead. The lowest range is given with 4.0-5.5 [10], whereas, the 

most complete skin pH reported in papers goes from as low as 4 up to 6.3 [11].  

  According to the literature, numerous endogenous and exogenous factors, such as age, anatomy, 

genetic background, gender, and moisture, have been reported to influence the pH of skin surface 

[12, 13]. Firstly, age dependence on the skin pH was reported by Visscher et al. [14]. The skin 

surface pH is neutral for neonates but it decreases to 5.5 after 4 postnatal days. Experimental 

results of the skin pH on school children are rather scattered. The pH values increase with age in 

the age group between 18 and 60 [15]. Secondly, comparing skin pH data from different 

anatomical sites may not be appropriate because skin surface is not uniform and our hygiene 

habits vary depending on different body areas and on each person [16]. Thirdly, ethnic and 

genetic backgrounds have also been reported to vary skin pH. For example, people with darker 

skin typically have lower pH values when compared to people with fairer skin [17]. Fourthly, sex 

causes variation in skin physiology; A recent study involving 6 male and 6 female volunteers 

revealed that women have a higher pH (5.6  0.4) than men (4.3  0.4) [17]. Lastly, skin pH 

also depends on the environmental moisture. Areas with higher moisture, such as axilla and 

inguinal regions, have higher pH value [18]. 
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  In addition, external factors also have considerable impact on the measured skin surface pH. 

Skin cleansing is one of the most important aspects. After cleansing the skin with alkaline soaps, 

the pH value was observed to rise for a few hours. The use of synthetic detergent with the same 

pH as skin or even tap water, also increases the pH values, but the retention time was noticeably 

shorter. The temporary skin pH changes were caused by the change in the uppermost layers of 

the stratum corneum [19, 20]. Topical products, such as deodorants, have been reported to 

influence the skin pH for a few hours [21]. Occlusive dressings also have effects on the skin pH. 

Hartmann [22] found that the skin surface pH in healthy volunteers was greatly increased after 

three days of occlusive dressing application, but the value returned to the baseline upon the 

removal of the dressing within one day. It can be attributed to the increased ion permeability of 

the stratum corneum resulting from occlusion, which results in the neutralization of the skin 

surface that is inherently acidic.  

  The acidic pH milieu is considered as an important aspect of the skinôs barrier function against 

external chemicals. Several pH-dependant enzymes are involved in the formation of the stratum 

corneum barrier, especially in the construction of lipophilic components and the destruction of 

desquamation. The enzymes include ɓ -glucocerebrosidase, acid sphingomyelinase, acid lipases, 

phosphatases and phospholipases. The enzymes exhibit the highest activity at the pH of 5.6, 

where the synthesis of the most important ceramides is optimized [23]. Some acid hydrolases, 

the contents of lamellar bodies, are released form the stratum granulosum/stratum compactum 

interface into the extracellular space by differentiated keratinocytes. These hydrolases as well as 

the glucosylceramides and phospholipids influenced by the pH are important in the lamellar 

arrangement of the barrier lipids [24]. The effect of proteolytic enzymes on the epidermal barrier 

function was investigated by Leyvraz et al. [25]. They found that mice, when membrane-
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anchored channel-activating serine protease (CAP 1) is absent in skin, died within 60 h after 

birth.  

  Many researches have proved that low pH values in the extracellular space are important in 

keratinization and barrier regeneration by regulating the enzyme activity. Therefore, the usage of 

acid buffer substances may be helpful in the maintenance of the homeostasis of the skin [18]. 

 

1.1.2 Wound pH   

A wound on skin is the consequence of the damaged integrity of multiple skin layers. To start the 

healing process, many factors, including local wound conditions, systemic mediators, underlying 

diseases, and kind of injury, need to be taken into consideration. For an acute (i.e., physiological) 

wound, its healing is a coordinated process containing three major phases: the initial 

inflammatory phase, the following inflammatory phase and the last remodelling phase. In 

contrast to physiological wound healing, a chronic wound is defined as a wound that does not 

follow three stages of physiological healing; the healing process is trapped in a self-sustaining 

phase of inflammation [26].   

  The skinôs acidic milieu is easily affected by wound that causes a fluidic mixing with bodyôs 

internal fluid, whose pH value is 7.4. Generally speaking, it is advantageous for wound to have a 

low surface pH value to prevent bacterial infection. Most relevant human-pathogenic bacteria 

proliferate at pH values above 6; their growth is inhibited at a lower pH [27, 28]. Stüettgen and 

Schaeferôs study [29] has confirmed that the pH value of the milieu becomes more alkaline 

compared to healthy case when bacterial colonisation forms. In other report, Greener et al. [30] 

collected 19 secretion samples from patients with chronic wound; the pH values were ranging 

between 7.5 and 8.9. A clinical investigation enrolling 50 patients with chronic leg ulcers 
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showed a range of pH between 7.3 and 8.9, while the average pH value was 7.7 [31]. Another 

study in leg ulcers displayed a similar pH range, i.e. 7.5-8.9 [32]. 

  In chronic wounds, the balance between tissue degradation and regeneration is disturbed. At 

such circumstances, the carbolic process becomes dominate. This results in the plethora of 

proteolytic enzymes in the chronic wound milieu [1]. Some of these enzymes are proteases, 

which have the ability to cleave proteins. These proteases have their highest activities at a certain 

range of pH. For example, cathepsin G shows a maximum activity at pH 7.0; elastase at 8.0; 

plasmin at 8.0, MMP-2 at 8.0, and neutrophil elastase at 8.3 [33]. In addition, bacteria also 

produce proteases. As a toxin to the wound, ammonia is produced by both enzymes and bacteria. 

The ammonia prefers an alkaline environment rather than an acidic one [34]. In the chronic 

wound, four or more different types of bacteria may be harboured at any given time [35]. 

  Moreover, the pH values in the chronic wounds also influence the oxygen delivery to damaged 

tissue. Leveen et al. [34] . reported that 50% more oxygen will be released by lowering pH by 

0.6 units. When the shift was increased to 0.9 pH units, the release of oxygen was increased by 

five times. Therefore, in chronic wound with elevated pH, the transportation ability of oxygen is 

dramatically reduced [36]. 

  To accelerate the wound healing process, the wound surface pH needs to be lowered. According 

to literature, an intensive number of efforts have been made. In earlier days, acetic acid in 1% 

and 5% solutions has been extensively used to lower wound pH. Unfortunately, the lowered pH 

only lasts one hour and then returns to the pre-treatment level [34], thus its effect on bacterial 

burden management is limited. Other problems like product quality and safety issues also raised 

concerns on its application. Considering all of adverse effects, acetic acid is currently not applied 

as a licensed sterile agent for wound care [2].  
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  On the other hand, dressings can be successfully used to modify the pH value of the wound. 

Their permeability to carbon dioxide would contribute to the lowering of the pH values [37].  

Gethin and Cowman [38] used the honey dressing to alter surface pH. In their experiment, the 

time-dependant evolution of the surface pH and the size of 20 chronic non-healing wounds were 

monitored over two-week period. It was found that the size did not decrease properly when 

wound pH is high. When the honey dressing is applied, which has a pH of 3.5, the wound surface 

pH was significantly lowered, resulted in the reduction of the wound size. Romanelli et al. [39] 

applied Allevyn foam dressings on granulating leg ulcers; here, wound pH decreased to 6.2 from 

the original 8.2 after 72 hours. Hydrocolloid dressings was also useful in reducing wound pH 

[40].  

 

1.1.3 Summary     

The skin surface is acidic in normal circumstances, which supports natural barrier function and 

prevents microbial colonisation. A wound tends to increase the pH value of this milieu. Chronic 

wounds exhibit an elevated pH range of 7.5-8.9. This alkaline environment influences the 

proteolytic activity and oxygen delivery ability in an adverse way for wound. In recent 

developments, wound dressings have been shown to be effective in reducing wound pH, 

resulting in an accelerated wound healing.  

 

1.2 pH-sensors for wound monitoring application 

Recently, skin adhesive or mountable pH sensors have been developed to monitor skin 

conditions. The mechanical properties of these sensors should match those of human skin so that 

they can form a conformal contact with skin and do not hinder skinôs movement. Existing pH 
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sensors are based on either electrochemical or colorimetric methods. For electrochemical 

sensors, they measure the concentration of hydrogen ions by processing electrochemical signals. 

The other approach, colorimetric sensors, use pH sensitive materials and luminescent or pigment 

dyes to detect skin pH. In the following part, we will give some examples on both methods and 

also compare their advantages and disadvantages [6]. 

 

1.2.1 Electrochemical wound pH sensors 

In 1999, Wang et al. [3] developed a new wearable electrochemical sensor for monitoring the pH 

of wounds. A set of screen-printed silver/silver chloride (Ag/AgCl) electrodes was embedded to 

a commercial adhesive bandages (see Fig 1.1). It was modified to perform as a potentiometric 

cell. The reference electrode came from a polyvinyl butyral polymer (PVB). The working 

electrode was composed of electropolymerized polyaniline, whose electrochemical potential 

changed with pH. Polyaniline can be obtained from chemical or electrochemical oxidation of 

aniline (C6H5NH2). Oxidation of this leucoemeraldine ((one of the idealized form of polyaniline; 

(C6H5NH2)n) form resulted in the formation of iminoquinones (C6H5NH2) in its polymer 

structure. When the solution was acidic, polyaniline was in a partially oxidized form ï 

emeraldine (([C6H4NH]2[C6H4N]2)n). A completely oxidized form, polyp-phenylene 

iminoquinone, was referred to usually as pernigraniline (C6H4N)n. The pH value was monitored 

by measuring the chemical potential that was determined by the ratio between emeraldine salt 

(ES) to emeraldine base (EB), which was a result of electrochemical equilibrium between the 

polymer and the environment.  
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Figure 1.1 Fabrication process to create the pH-sensitive bandage. Sensor components 
including A) UV-insulating layer B) Ag/AgCl layer C) carbon layer and D) insulating 
layer. E) Images showing the potentiometric sensor on an adhesive bandage. 
Reproduced with the permission from [3]. 

 

The reported potentiometric sensor combines the screen-printing technology and solid-state 

potentiometry. It highlights some advantages, such as simplicity, robustness, maintenance-free 

and low cost. The pH sensitivity is in the range of 4.35-8.0, which well spans the physiological 

range of interest. The bandage embedded sensor had good resilience against mechanical stress, 

as well as repeatability, and reproducibility. It is able to track pH fluctuations without apparent 

carry-over effect. The carry-over effect is that effects from previous treatment may still be 

present in the new treatment, thus influencing the outcome of the new treatment [3].    
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  Another electrochemical system was developed by Sharpôs group [41]. They prepared a pad-

printed carbon-uric acid composite sensor to measure pH at the surface of a wound (see Fig 1.2). 

It was used as biologically-safe pH probe to offer a simple voltammetric response. Electrodes 

were printed on acetate sheet (transparent film for overhead projector) to provide a flexible 

printing substrate. The sensor has been proven capable of monitoring pH over a wide analytical 

range from 4 to 10. Therefore, it might be a powerful tool with clinical utility for wound 

management. A protective poly-1,2-diaminobenezene coating was deposited on the surface of 

carbon electrode to prevent biofouling, allowed 20 replicated measurements in a simulated 

wound fluid. 

 

   

Figure 1. 2 The pad printing process of electrode. Reproduced with permission from 
[41].  

 

The electrochemical technique provides high accuracy and sensitivity towards hydrogen ions in 

solution as well as reliability and straight forward operation. Various types of electrochemical 
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sensors have been developed recently, including ion sensors by incorporating selective 

membranes or metal oxide, ion selective field effect transistors (ISFETs), and conductometric pH 

sensing devices [42, 43]. However, these sensors suffer from degradation of the sensor 

performances stemming from mechanical fragility, fouling by non-specific absorption, and 

requirement of  frequent recalibration [4]. In addition, bulky electronic circuitry and power 

source are required for electrochemical system to analyze the readout [6]. 

 

1.2.2 Colorimetric wound pH sensors  

Colorimetric sensors display changes in color to represent the concentration or activity of 

hydrogen ions. Several colorimetric sensors have been proposed for wound pH monitoring. Their 

working principles are based on either fluorescent chromophore molecules or moieties. Indicator 

dyes are typically immobilized on the surface of sensor either by covalent linkage or physical 

entrapment [44]. For example, Khademhosseini et al. [6] reported a flexible pH sensing hydrogel 

fibres for long-term monitoring of epidermal wound condition. Mesoporous polyester beads were 

loaded with a pH sensitive dye and subsequently embedded in the alginate-based fibers, which 

were fabricated in a coaxial flow microfluidic device made from pulled capillaries (see Fig 1.3). 

The fabricated fibre changed color from yellow to dark red in acidic (pH of 6.2) and basic (pH of 

8.2) solutions, respectively. 
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Figure 1. 3 Fabrication of the pH sensing microfibers. (a) A schematic illustration of the 
pH sensing hydrogel fibers. (b) Schematic of the fiber fabrication process. Reproduced 
with permission from [6].  

 

The fibrous pH sensors are flexible and can be integrated to medical tapes to create a wearable 

platform. Electrostatic interactions, between the dye and mesoporous particles, efficiently 

prevent the dye from leaching out of fibers. An image analysis was developed to use a smart 

phone to determine pH values. These pH sensitive fibers can be easily incorporated to 

commercial wound dressings to monitor the wound healing process [6]. 

   In other work, Trupp et al. [45] synthesized a series of functional hydroxyazobenzene dyes for 

optically monitoring pH in the range from 6 to 10 (see Fig 1.4). The sensitivity of the dyes was 

tailored by substituents in position para or ortho to the hydroxyl group. The indicator dyes were 
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modified with vinylsulfonyl group and then bond to cellulose films by attacking hydroxyl groups 

of the cellulose film to achieve covalent bonding. Cellulose film shrivels in aqueous solutions by 

swelling. Therefore, it is necessary to laminate the film onto a polyethylene terephthalate film, 

which serves as a passivation layer. The laminated films were patterned into arrays and displayed 

good reversibility. The array can map the pH distribution across the wounds. As the solutionôs 

pH values changed acidic to basic, the film changed its color from yellow to red. 

 

 

Figure 1. 4 Flexible array-type of sensor layer. Color changes of the immobilized dye 
was observed from yellow to red as the solution became from acidic to alkaline. 
Reproduced with permission from [45].  

 

Colorimetric monitoring is one of the simplest and most cost-effective methods for wound pH 

detection [46]. The sensory system is able to display easily visible signal in a non-destructive 

way without integrated electronics. They can be incorporated into fabric or wound dressings to 

obtain high flexibility, which is a major advantage over the conventional electronic sensor 

systems [47]. Currently, the most crucial challenge is that the dyes are easily leached from 

matrix during operation; the leaching can be toxic to the wound, not to mention that it 
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compromises the sensitivity. There is plenty room to improve the colorimetric pH sensor for long 

term practical use in wound monitoring application [6].  

 

1.2.3 Summary 

Electrochemical and colorimetric pH sensors have demonstrated their own advantages and 

drawbacks in wound status monitoring. Electrochemical methods are sensitive and accurate but 

are fragile, vulnerable to fouling, prone to performance degradation in relatively short time, and 

requiring frequent recalibration. In comparison, by soling issues related to dye leaching, 

colorimetric methods can be a more robust and straightforward method to monitor the status of 

wound.   

 

1.3 Chronic wound dressing 

Before 1960, a dry environment was believed to be good for wound healing [48]. Therefore, 

clinical wound dressing products were intendedly made from cotton or wool for covering and 

concealing the wound [49, 50]. The importance of dressing materials in the healing process was 

not fully recognised until the ground-breaking research of by Winter [51]. He found that in a 

moist environment, epithelialization on porcine wounds occurred two times faster compared to 

that in a dry environment. This discovery was further confirmed by Hinman and Maibach [52] on 

human wounds. Since then, people began to realize that dressings are not only functioning as 

passive coverage, but also actively interact with the wound environment and affect the healing 

process. 

  Moist wound environments have many benefits for wound healing. The benefits include 

enhanced keratinocyte and fibroblast proliferation, keratinocyte migration, collagen synthesis, 
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angiogenesis, wound contraction, autolytic debridement, and intimate wound closure [53, 54]. 

However, some clinicians still have concerns about moist wound environments despite the 

aforementioned strong evidence. In their opinion, wound healing could be improved by a moist 

environment, however, bacterial growth and subsequent wound infection may also be accelerated 

by such an environment [55]. To address this concern, Hutchinson and McGuckin [56] 

performed an experiment in 4000 wounds treated with occlusive (moist) dressings and 

conventional (dry) dressings. Infection rates showed that conventional dressing exhibited a 

higher infection rate (7.1%) than occlusive dressings (2.6%). This proved that a moist 

environment is beneficial to healing as well as a decreased risk of infection.   

  In the past thirty years, hundreds of dressings have been developed and applied to wounds. 

Most of them are developed to provide a moist wound environment. In addition to the moist 

environment, it is important to understand the requirements of an ideal dressing by 

benchmarking the differences among various dressings so that the criteria for optimum dressing 

material can be identified for best wound care.  

 

1.3.1 Requirements for an ideal dressing 

An ideal wound dressing should be able to guarantee the physical continuity of the wound, 

absorb excess exudates, protect against infection and external factors, and provide good 

humidity. In addition, they need to be comfortable when worn and not be allergenic [57].  

  Water vapor transmission rate (WVTR) is used to measure wound dressingsô water retentive 

ability. It is a measure of the passage of water vapor through a dressing and is qualified by 

dividing the daily weight loss of water by the area of dressing. A dressing can be regarded as 

moisture retentive when its WVTR is less than 840 g/m2/day. Different dressings have various 
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WVTR values, for example, hydrocolloids have a WVTR less than 300 g/m2/day. Gauzes are 

more prone to water loss, as shown by the WVTR value of 1600 g/m2/day [54]. A moisture 

retentive dressing with a low WVTR is especially useful for dry or low-exudating wounds; 

whereas a more water permeable dressing with a high WVTR is beneficial for wounds with a 

large amount of exudate. Improper use of wound dressings without considering wound types 

would result in exudate leakage or wound drying. Frequent dressing change may lead to further 

physical damage of wounds. As a consequence, clinicians should be familiar with WVTR of 

different dressings so that the appropriate one can be prescribed for each specific wound [58]. 

  Despite the fact that moist environment is important for wound healing, excessive exudates 

would result in delayed healing and skin breakdown due to increased wound bacterial loads, as 

well as periwound skin maceration and wound odor. Therefore, a dressingôs swelling capacity 

should be considered in addition to WVTR [59]. Gentle packing a wound prevents premature 

wound closure and subsequent abscess formation. However, a wound should not be overpacked 

because excess pressure can damage fragile tissue [60]. Besides, an ideal dressing should not 

contain poisonous chemicals and harm the wound bed. Tissue damage should also be avoided 

upon the removal of dressings. Hence it is necessary for clinicians to find a balance between 

dressing adherence and atraumatic removal when choosing the right products for wound 

management [58]. 

  In order to guarantee normal cellular activities, a wound should be kept close to body 

temperature. This can be achieved by selecting the right retentive dressing and controlling the 

frequency of dressing changes. Most dressings can stay on the wound up to 7 days, but this 

varies according to the amount of exudates [59]. And it is also of particular importance for 

dressings to provide a bacterial barrier to protect against external contamination [58].   



16 
 

  Among all the reported works, only a few dressings can satisfy all the requirements to qualify 

as an ideal one. Therefore, it is necessary to examine wounds type of patient, consider the goal of 

therapy, review the indications and contraindications for each dressing, and then match the right 

dressing to wound.  

 

1.3.2 Hydrocolloid dressing 

Hydrocolloid dressing is made of carboxymethylcellulose, gelatin, and pectins. It appears in 

either plate, or hydrocolloid gel form. For plate-shaped dressing, an external layer is required to 

protect the wound against debris and pathogenic microbial penetration, while the internal layer 

has hydrophilic carboxymethylcellulose molecules suspending in a hydrophobic mass of gelation 

and pectin. Meanwhile, hydrocolloid gel form has the same purifying features. 

  When applied on the wound, hydrocolloids absorb wound exudates and form soft gels. As the 

gelation process starts, the dressing becomes progressively more permeable to water vapor from 

the original impermeable state. This permeability lowers the pH and allows the wound to stay at 

an optimal stable temperature and moisture level. It benefits the successive phases of the wound 

healing and relieves the pain associated with the existence of wound [61].  

  Hydrocolloid dressing is indicated for chronic wound with minor or medium amounts of 

exudates owing to their low WVTR, which is less than 300 g/m2/day. The list of applicable 

wounds include skin ulcers, burns and abrasions. In addition, hydrocolloid dressing is painless 

and injury-free during the dressing changing process. Due to the upper water-proof layer, it is 

possible to wear these dressings even when taking showers. The hydrocolloid dressing is not 

applicable for infected or necrotic wounds. 
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1.3.3 Hydrofiber dressing  

Hydrofiber dressing is a composite material that mainly contains carboxymethylcellulose. It 

forms a gel coating on the wound bed by absorbing the exudates into the fibers. Then, the 

exudates are confined inside of the dressing. The dressing has a high swelling ratio of exudates 

which is up to 25 times of its original weight. It keeps micro-organisms in the exudates inside the 

gel so that they can be isolated from the wound. The dressing can also lower the woundôs pH 

value to inhibit bacterial growth and prevent skin irritation around the wound. In addition, it 

maintains a moist environment for wound and activates angiogenesis and fibrinolysis.  

  Hydrofiber dressings are good for bacteria-infected wound, and neglected wound with heavy or 

medium amount of exudates. But they should not be used for dry wound that does not produce 

significant amount of exudates [62, 63]. A secondary top dressing has to be covered on 

hydrofiber dressing. When changing dressings, it is painless and injury-free [61]. 

 

1.3.4 Polyurethane foam dressing 

Polyurethane foam dressing is hydrophilic foam with porous structure containing two layers. 

One layer is thermally processed to form capillaries to absorb water and to keep the wound at a 

good moisture level. The other layer is a membrane, which allows water vapor to evaporate from 

the wound surface while blocking pathogens and water to enter from outside [61]. The WVTR of 

foam dressings varies widely from 800 g/m2/day to 5000 g/m2/day depending on the thickness 

and composition of the foam [53, 64]. 

  Foam dressing can be applied to wounds with medium or high-level exudates and to granulating 

or necrotic wounds; it also can be applied to wounds of any etiology. But it is not beneficial on 
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dry wounds. Friction is decreased by applying foam dressing but its thickness is not enough to 

reduce pressure in bony prominence area. Besides, it is able to provide protection for autolytic 

debridement and decrease exuberant granulation tissue.  

  Adhesive foam dressing should be used carefully for patients with fragile skin. Non-adhesive 

dressing requires an additional tape or other method to keep the dressing in contact with the 

wound. These foam dressings should cover minimum one inch of the margin around the wound 

and get changed at least every 7 days. Thick foams can be wrapped compressively and then used 

on venous ulcers to increase local compression, aiding in local edema control and healing 

improvement [58].  

 

1.3.5 Gauze dressing 

Gauze is still the most commonly used dressing in wound management nowadays. It consists of 

natural or synthetic materials, or a mixture of both, and can be woven or nonwoven [65, 66]. 

Woven gauze is usually for packing. Suitable fibers are made into threads and then weaved into 

the fabric to produce woven gauzes. Compared to nonwoven gauzes, their swelling ratio is lower 

and thus easier to dry the wound surface and adhere to wound bed. Nonwoven gauze is made 

only by blending fibers without thread development. This gauze has a high swelling ratio, thus 

less prone to adhere to the wound.  

  Gauze dressing is indicated for wounds with heavy exudates and also used as a primary 

dressing over ointments, enzymes and growth factors. Besides, it can be applied over wound 

fillers and hydrogels as a secondary dressing. If the gauze dressing adheres to viable tissue or 

damage skin upon removal, gauze dressing should not be used any more [58].  
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  There are disadvantages of the gauze dressing. It is helpful in the debridement of necrotic tissue 

but the debridement is not selective. So the dressing is harmful to the viable tissue when it 

adheres to the wound. Gauzes have the propensity to dry out the wound; they need to be 

moistened several times daily to maintain a wet environment for wound, which is time- and 

labour-consuming. Furthermore, cotton fibers left in the wound site may lead to inflammation 

and slow wound healing [67].  

  

1.3.6 Hydrogel dressing 

Hydrogel has a three dimensional network structure that can contain lots of water. Amorphous 

gel packed in tubes, foil packets, or as saturated gauze pads is available for sterilization and for 

single or multiple uses when preserved. Alginate, collagen, and starch copolymer are 

incorporated into hydrogel to provide some exudate absorption. These dressings are mainly for 

wound hydration. 

  Hydrogel dressing can be used to clear the ulcer of necrotic tissue and micro-organisms by 

binding them into the gel structure. The moist environment provided by the hydrogel stimulates 

the growth of new tissues and the migration of epithelial cells. Pain can be decreased by cooling 

the wound site. In addition, the hydrophilic features of the hydrogel can moisten dry wound bed, 

dissolve crust/black necrosis and activate lyses in the wound. Therefore, hydrogel wound 

dressing can be applied to dry or minimally-exudating wounds. Amorphous gel may be applied 

on infected wounds; in this case, the dressing must be changed everyday. But hydrogel dressing 

should not be applied to wounds with heavy exudate.    

  Hydrogel is typically non-adhesive and easy to conform on wound bed. However, the dressing 

may cause maceration for periwound skin. Some of the hydrogel dressings lack sufficient levels 
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of humectants, thus may dry out when applied to the wound. The frequency of the dressing 

change is related to the moisture level of the wound. If the wound dries out in one day, the 

dressing has to be changed daily. But if they are able to keep the wound hydrated for a longer 

time, the changing frequency can be lessened. Sometimes a secondary dressing is necessary for 

the amorphous hydrogel to keep wounds at an appropriate moist level. Gauze may be used as 

secondary dressing for wounds with some exudates and inherent moisture, while less permeable 

dressings is preferred for wounds that tend to dry out [58].  

 

1.3.7 Summary 

Hundreds of dressings have been developed over the past several decades; thus it is important for 

clinicians to know the requirements of an ideal dressing according to the class of wounds. These 

requirements include the maintenance of a moist wound environment, absorption of excess 

exudates, elimination of the dead tissue, and provision of bacterial barrier. The goal of care for 

an individual patient and wound should also be identified, so that the most appropriate dressing 

can be selected from many dressing categories to accelerate wound healing.  

 

1.4 Polyacrylamide (PAAm) /alginate hydrogel 

Hydrogel has been explored in a variety of biological applications, such as regenerative 

medicine, drug delivery, stem cell and cancer research as well as cell therapy. Hydrogel has 

tunable physical, chemical and biological properties, high biocompatibility, ease of fabrication, 

and similarity to native extracellular matrix. However, the application of the hydrogel in 

medicine has always been limited to applications that do not require physical integrity due to its 
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weak mechanical strength [68-70]. Mechanically strong hydrogel has the potential to expand the 

applications towards those that require significant load-bearing and agile movements.  

  Suoôs group [71] at Harvard University developed an extremely stretchable and tough hydrogel 

by creating an interpenetrating networks of PAAm/alginate hydrogels. These hydrogels are 

crosslinked by covalent and ionic molecular forces, respectively. The ionically crosslinked 

alginate chain contains mannuronic acid (M unit) and gulutonic acid (G unit), arranged in blocks 

rich in G units, blocks rich in M units, and blocks of alternating G and M units. Calcium ions are 

used to crosslink the G blocks in different chains to form alginate hydrogel in aqueous solution. 

In contrast, the polyacrylamide hydrogel was crosslinked by agent that promotes network 

formation by covalent bonding.  

 The PAAm/alginate hydrogel was fabricated by a one step method through mixing all of the 

ingredients dissolved in water. Sodium alginate and calcium chloride were used to form ionically 

crosslinked alginate; acrylamide, covalent cross-linker (N,Nô-methylenebisacrylamide, MBAA), 

thermo-initiator (ammonium persulphate, APS) and accelerator (N,N,Nô,Nô-

tetramethylethylenediamine, TEMED) were used to form PAAm network. As a consequence, 

alginate chains interpenetrate into the network of covalently crosslinked PAAm chains, while the 

two hydrogels are formed concurrently [72]. The schematic diagram is illustrated in Fig 1.5.  
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Figure 1. 5 One-step method to synthesize PAAm/alginate hydrogel. Reproduced with 
permission from [72]. Copyright (2013) American Chemical Society. 

 

Even though this hydrogel has a high content of water (~ 90%), it can withstand a great amount 

of strain up to 20 times its initial strength. The hydrogelôs fracture toughness can be up to 9000 J 

m-2. This value is dramatically higher compared with that of the pure alginate hydrogel (Ḑ25 J 

mī2) and pure PAAm hydrogel (Ḑ150 J mī2) [71]. The remarkable toughness of hydrogel can be 

explained as follows. When the hydrogel is subjected to a small stretch, the elastic modulus of 

the hydrogel is the sum of those of alginate and PAAm hydrogels. The applied load is distributed 

to both of the hydrogels because the two polymers are entangled. Possible crosslinks between the 

amine groups on PAAm chains and carboxyl groups on alginate chains further facilitates the load 

sharing. As the stretch progresses, the loosely crosslinked PAAm (i.e., long chain length between 

crosslinking points) chain remains intact and stabilizes the hydrogel under deformation, while 
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the alginate network is unzipped in a reversible manner by the break of  ionic bonding between 

the polymer chains, which offers an efficient mechanism for energy dissipation [71].  

  The high water content, high toughness, good stretchability, and structural resilience, along 

with easy method of synthesis, render PAAm/alginate hydrogel an ideal candidate for 

applications,  such as artificial tissues, soft robotics, and structural materials [73]. In my thesis, I 

focused on the possibility of applying the hydrogel to wound dressing. 

 

1.5 Objectives  

The objective of theme 1 is to develop a pH indicating colorimetric tough hydrogel 

alginate/PAAm for a smart wound dressing application. The pH indicator dye phenol red was 

modified with methacryloyl moiety to allow the modified monomer to participate in the radical 

polymerization reaction of PAAm so that it can be covalently incorporated in the hydrogel 

network. Since unmodified dye will not be anchored to the hydrogel matrix, subsequent dialysis 

can naturally remove the unattached dye, which can potentially be cytotoxic. Furthermore, 

covalent attachments of the dye can possibly eliminate the problems associated with leaching 

under prolonged use of the hydrogel as wound dressing. The prepared alginate/P(MAPR-AAM) 

hydrogel dressing was flexible, moist, mechanically strong and can indicate the progress of 

wound healing by a simple colorimetric display. 
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Chapter 2. Materials and methods 

 

2.1 Materials 

Phenol red dye, methacryloyl chloride, triethylamine (TEA), anhydrous tetrahydrofuran (THF), 

dimethyl sulfoxide (DMSO), ammonium persulphate (APS), N, Nô-methylenebisacrylamide 

(MBAA), acrylamide (AAm), N, N, Nô, Nô-tetramethylethylenediamine (TEMED), calcium 

chloride (CaCl2) and sodium alginate were purchased from Sigma-Aldrich and used as received. 

Potassium sodium buffer solutions with pH values of 5, 6, 7, 7.4, 8 and 9 were obtained from 

Fisher Scientific. All other chemicals used in this work were used as received. 

 

2.2 Experimental methods 

2.2.1 Synthesis and characterization of methacryloyl modified phenol red (MA-PR) 

A mixture of phenol red (0.5 g, 0.0014 mol) and triethylamine (250 µL, 0.0018 mol) was 

dissolved in 40 mL anhydrous tetrahydrofuran, and the mixture was kept in an ice bath. 

Afterwards, a solution of methacryloyl chloride (136.8 µL, 0.0014 mol) in 10 mL anhydrous 

tetrahydrofuran was added dropwise to the above mixture slowly under N2 atmosphere. After the 

addition of methacryloyl chloride, the resultant mixture was stirred overnight. The solid was 

filtered and the solvent was removed by rotary evaporation. The red modified dye powders were 

obtained. 

  The chemical structure of MA-PR was confirmed by Fourier transform infrared spectroscopy 

(Nicolet 8700, Nicolet Instrument Co., WI). To obtain FTIR spectra, the dye powders were 
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mixed with dry KBr powders and then loaded into the sample holder.  The resolution was 2 cm-1 

and the sample was scanned from 4000 to 400 cm-1 for 64 times. The 1H NMR spectra was 

recorded on a VNMRS 600 MHz spectrometer with DMSO-d6 being the solvent. Chemical shifts 

were recorded in ppm and referenced against tetramethylsilane (TMS). MA-PR powders were 

dissolved in buffer solutions from pH 5 to pH 9 to observe the color changes. Mechanism was 

explained by UV-Vis spectroscopy. The cuvette with MA-PR buffer solution was placed in the 

sample compartment of the UV-Vis spectrophotometer (Perkin-Elmer NIR-UV, PerkinElmer, 

USA) and the UV-Vis spectrum was recorded. 

 

2.2.2 Preparation of P(AAm-MAPR)/alginate hydrogel dressings 

The hybrid hydrogel was synthesised by two steps following to the method developed by Zhou et 

al. [73]. Firstly, Sodium alginate (0.1 g), modified dye MA-PR (0.001 g) and acrylamide grain 

(0.8 g) were dissolved in 5 mL deionized water. MBAA (0.0008 g, 0.1 wt % to AAm), as the 

crosslinking agent, and APS (0.0008 g, 0.1 wt% to AAm), as the thermos-initiator, were 

subsequently added into the solution. The mixture was stirred to become homogeneous solution 

and then degassed under vacuum for 20 mins to remove air bubbles. After adding the accelerator 

TEMED (5 µL), the solution was transferred into a glass mould and then incubated in an oven at 

70 oC for 3 hours. This step produced a Na-alginate/P(AAm-MAPR) hydrogel. Secondly, the Na-

alginate/P(AAm-MAPR) hydrogel was soaked in 2 wt% CaCl2 solution (0.2 g CaCl2 in 10 mL 

H2O) for 3 hours at room temperature to crosslink the alginate. Afterwards, the synthesized 

P(AAm-MAPR)/alginate hydrogel dressing was dialysed for 3 days to wash away unreacted 

monomers and dried in a vacuum oven at 65 oC over 2 hours. The blank hydrogel without MA-

PR dye was also synthesized as the control group using the same recipe.  
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  A series of P(AAm-MAPR)/alginate hydrogels with 0.05 wt% MBAA (0.0004 g), 0.1 wt% 

(0.008 g), 0.15 wt% (0.0012g) were prepared. Amounts of other chemicals were kept the same as 

used in the above recipe. Similarly, hydrogels with 0.1 wt%, 1 wt%, 2 wt%, 5 wt% CaCl2 were 

synthesized by only adjusting the amount of CaCl2 to be 0.01 g, 0.1 g, 0.2 g, 0.5 g in 10 mL H2O, 

respectively.   

 

2.2.3 Characterizations 

The morphologies of the as-synthesized P(AAm-MAPR)/alginate hydrogels with different 

concentrations of MBAA were observed with a scanning electron microscope (SEM) (Zeiss 

EVO MA10, Zeiss, Germany). After the hydrogel was immersed in deionized water for 1 day, it 

was rapidly frozen in liquid nitrogen at -40 oC and lyophilized at -50 oC for 24 h in a 

SuperModulyo freeze dryer (Thermo Savant, NY, USA). The swollen freeze-dried sample then 

was mounted onto an aluminum stub and sputter-coated with gold for SEM observation. P(AAm-

MAPR)/alginate hydrogels were soaked in buffer solutions with a pH value from 5 to 9 to 

observe the color changes. Mechanism was explained by UV-Vis spectroscopy. The buffer 

solution-soaked hydrogels were cut into strips to fit in the cuvette and subsequently placed in the 

sample compartment of the UV-Vis spectrophotometer (Perkin-Elmer NIR-UV, PerkinElmer, 

USA) and the UV-Vis spectra were recorded. 

 

2.2.4 Mechanical test  

The mechanical properties of the prepared hydrogel dressings with various water contents and 

crosslinking densities were measured using an Instron 5943 tensile tester equipped with 10 kN 
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load cell at room temperature. The hydrogels were cut into strips with dimension of 6 cm × 1 cm 

× 0.1 cm. Both ends of the sample were gripped with a special gripper with a crosshead speed of 

100 mm Ā min. Youngôs modulus (E) was measured from the slope of the linear section of the 

stress-strain curve. The elongation at break was calculated by comparing the length of the 

hydrogel at the breakage to the initial length of the hydrogel. Six measurements were repeated 

for each sample to obtain the average value. 

 

2.2.5 Swelling ratio test  

The hydrogel dressing samples with three different MBAA concentrations (0.05 wt%, 0.1 wt%, 

0.15 wt%) were cut into 2 cm × 2 cm squares and dried at 65 oC under vacuum for 24h. 

Subsequently, they were immersed in phosphate buffer solution (PBS, pH 7.4) at 37 oC for 72 h 

until equilibrium. At specific time intervals, the excessive surface water was removed with filter 

paper, and the weights of samples were measured. All the measurements were conducted three 

times to confirm the values. The swelling ratio (SR) was determined using the equation SR%= 

(Ws - Wd)/Wd × 100; where Ws and Wd are the weights of the hydrogel sample swollen in PBS at 

37 oC and dried for 24 h at 65 oC, respectively. 

 

2.2.6 Water vapor transmission test  

The water vapor transmission rates (WVTR) of hydrogel dressings with three different MBAA 

concentrations (0.05 wt%, 0.1 wt%, 0.15 wt%) were determined according to the ASTM E96 

standard method. Briefly, the hydrogel dressings were mounted and sealed on the top of opened 

vials (diameter of 17 mm) containing 20 mL deionized water. Barrier tapes were used to tightly 
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fasten the hydrogel dressings. The hydrogel-vial assemblies were placed in an isothermal 

incubator at 37 oC for 72h. Periodic weightings were carried out to measure the water 

evaporation through the hydrogel dressings. The measurement was repeated three times for each 

sample. The WVTR was determined by dividing the daily weight loss of water with the area of 

vial opening. 

 

2.2.7 Leaching test  

The degree of dye leaching was determined by monitoring the absorbance at 568 nm on a UV-

VIS spectrometer (Perkin-Elmer NIR-UV, PerkinElmer, USA). The hydrogel dressings were 

prepared to be strip samples with dimension of 1cm × 3 cm and stored in deionized water for 7 

days. The water for dialysis was changed everyday. The blank PAAm/alginate (dye-free) gel was 

measured as a control sample; its spectrum was used for background subtraction. Absorbance 

spectra of P(AAm-MAPR)/alginate hydrogel samples were also obtained from day 0 (without 

leaching) to day 7 (leached for 7 days). All measurements were performed three times. The value 

of absorbance of P(AAm-MAPR)/alginate hydrogel at 564 nm was plotted against the time of 

leaching. 
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Chapter 3. Results and Discussion of Hydrogel Wound Dressing 

 

3.1 Synthesis and characterization of MA-PR 

The pH indicator dye, phenol red (PR), consists of three benzene rings with one sulfonate group 

and two hydroxyl groups that render pH-sensitivity. Nucleophilic substitution of one hydroxyl 

group on PR dye with methacryloyl chloride results in the formation of a methacryloyl functional 

dye, MA-PR. The reaction scheme and the concept of the functionalization are depicted in Fig. 

3.1 (a) and (b), respectively. The one step modification was simple and straightforward to 

perform. After the reaction, the crude product was isolated from THF solvent by rotary 

evaporation. Further purification was not necessary because MA-PR will be covalently anchored 

to the hydrogel matrix in the following copolymerization, while the residue PR was free to 

diffuse out of the matrix by dialysis [74].   

  FTIR and 1H NMR spectroscopies were used to reveal the chemical structure of synthesized 

MA-PR. 1H NMR spectroscopy is illustrated in Fig 3.1 (c); here the spectrum of PR was 

compared with that of the MA-PR. The peak at 1.81 ppm (7) was assigned to the protons of CH3 

of methacryloyl group. The two singlets at 5.57 (9) and 5.94 ppm (8) were assigned to the vinyl 

protons of CH3-C=CH2*; the splitting could be attributed to the conjugation of carbonyl and 

vinyl group. This conjugation limited the mobility of double bonding and, consequently, the two 

protons on the vinyl group experienced different chemical environments to each other. The 

multiple peaks in the range of 6.74 ï 8.02 ppm were assigned to the protons in the aromatic 

rings. The results of 1H NMR indicated that unsaturated C=C bonds were successfully 

introduced to PR in the MA-PR.  
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  FTIR spectra from PR and MA-PR FTIR were compared in Fig 3.1 (d). They both exhibited a 

phenol band of PR and MA-PR consisting of two components: a broad band centered at 2967 

cm-1, attributed to hydrogen-bonded phenol groups, and a relative narrow band at 3584 cm-1, 

assigned to free phenol groups. The typical stretching absorption of carbonyl group in the methyl 

methacrylate structure was located at 1739 cm-1; only MA-PR spectrum exhibited the peak. The 

peak at 1671 cm -1 was originated from the C=C stretching of the vinyl structure and multiple 

peaks from 1460 ï 1640 cm-1 were due to the C=C stretching of aromatic rings. Bands at 1156 

and 1366 cm-1 were resulted from stretching vibrations of sulfonate groups. In summary, the 

results of 1H NMR and FTIR confirmed the modification of MA-PR dye was as I designed.  

  MA-PR dyes displayed a distinct color variation in buffer solutions with five different pH 

values. With increasing pH, the MA-PR dyes underwent a transition from yellow (pH 5) to 

orange (pH 7) and finally to magenta (pH 9), as shown in Fig 3.1 (e).  The color changes were 

quantitatively displayed in the UV-vis spectra as a function of pH, as shown in Fig 3.1 (f). Here, 

the MA-PR showed maximum absorbance peaks at 388 nm in acidic conditions. The peak 

intensity decreased as pH became more basic, and a peak at 588 nm emerged. The 588 nm peak 

corresponded to the deprotonated form of the dyes, which became abundant as pH increased. The 

transition in the dominant peak was due to the resonance transformation in the molecular 

structure of MA-PR, as schematically described in Fig 3.1 (g). The peak at 388 nm was 

attributed to the ˊ-ˊ* transition of the conjugated benzenoid ring system. When the solution 

became more alkaline, the new absorption band at 558 nm was assigned to the n-ˊ* transition 

resulting from benzenoid to quiniod excitonic transformation. 
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Figure 3. 1 Synthesis and characterization of MA-PR. (a) Reaction scheme for the 
preparation of MA-PR. (b) Schematic diagram for the synthesis of MA-PR. (c) 1H NMR 
spectra of PR (blue) and MA-PR (black). (d) FTIR spectra of PR and MA-PR. (e) A 
photographic image that shows the colorimetric transition of MA-PR in buffer solutions 
with pH values from 5 to 9 (from left to right). (f) UV-Vis absorption spectra of MA-PR in 
buffer solutions with pH values from 5 to 9. (g) A schematic drawing that represents the 
resonance transition in the MA-PR molecule in acidic (left) and basic (right) 
environment. 
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3.2 Preparation and characterization of P(AAm-MAPR)/alginate hydrogel 

dressings 

The P(AAm-MAPR)/alginate hydrogel dressing was synthesized by a two-step approach 

including the synthesis of MA-PR dye and the synthesis of the double network hydrogel. To 

fabricate the hydrogel dressing, all ingredients were mixed in water to form the two 

interpenetrating hydrogel networks: sodium alginate and crosslinker CaCl2 for the ionically 

crosslinked alginate; monomer AAm and MA-PR, crosslinker MBAA, thermoinitiator TEMED 

for the covalently crosslinked P(AAm-MAPR). The chemical structures and names of the 

monomers, the dye and the crosslinker are presented in Fig 3.2 (a). As a result, the loosely 

crosslinked long PAAm polymer chains interpenetrated with the densely crosslinked Ca-alginate 

to develop a tough double network hydrogel [73]. Schematic diagram is illustrated in Fig 3.2 (b). 

The high mechanical strength of this hydrogel could be described as following [71]: when the 

load was applied, the loose PAAm network remained intact and stabilized the deformation; 

meanwhile, alginate networks unzipped progressively. The closely spaced ionic crosslinks 

unzipped at small stretch, but the ionic bonding was reversible and non-specific. Therefore, the 

unzipping of ionic bonding dissipated fracture energy in an efficient way. 

  A transparent medical tape was adhered on one side of the pH-responsive hydrogel dressing to 

create a wearable platform on wound. Subsequently, the dressing was soaked in buffer solutions 

with various pH values (pH = 5, 6, 7, 7.4, 8, 9). The color of the hydrogel dressing underwent a 

transition from yellow (pH 5, 6 and 7) to bisque (7.4 and 8) and finally to red (pH 9), as captured 

by a smartphone photography in Fig 3.2 (c). The pH window of the color transition matches the 

pH range that is required to display the status of chronic or infected wounds. As the wound heals, 

its chronic environment progresses from an alkaline condition to a neutral and then an acidic 
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condition [2], and the hydrogel dressing turns from red to bisque and then to yellow. Fig 3.2 (d) 

illustrates the UV-Vis absorbance spectra of the MA-PR in the hydrogel dressing after exposed 

to different pH buffer solutions. In acidic buffer, only one absorption peak was observed at 427 

nm, similar to the case of the free MA-PR dye in solutions. When the pH varied from acidic to 

basic, the absorption started to undergo a red shift, as qualified by the decreasing intensity of the 

427 nm peak and by the increasing intensity of 573 nm peak, which was the result of the 

resonance transition. A quantitative comparison of the MA-PR peaks between the free and the 

hydrogel states showed that the most hypsochromic maximum wavelength shifted from 388 nm 

(free) to 427 nm (hydrogel), whereas the most bathochromic wavelength shifted from 558 nm 

(free) to 573 nm (hydrogel). A possible explanation was that the interactions between the dye 

and the hydrogel lowered the excitation energy of MA-PR molecules when they were covalently 

immobilized within the hydrogel networks. 
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Figure 3. 2 Preparation and characterization of P(AAm-MAPR)/alginate hydrogel 
dressings. (a) The chemical structures and the names of the monomers, the dye and 
the cross-linker used in the synthesis of the alginate/P(AAm-MAPR) hydrogel dressing. 
(b) Synthetic strategy and colorimetric transitions of the alginate/P(AAm-MAPR) 
hydrogel dressing. (c) Photographic images that captured the colorimetric transition of 
the hydrogel dressing in buffer solutions with pH values from 5 to 9 (from left to right). 
(d) UV-Vis absorption spectra of the hydrogel dressing while immersed in buffer 
solutions with pH values from 5 to 9. 
















































































































