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ABSTRACT

Burn injuries, representing a significant public health concern, necessitate innovative treatments
to enhance healing, mitigate infections, and minimize long-term scarring. This study focused on
the design, synthesis, and evaluation of a novel hydrogel wound dressing system, incorporating
tannic acid into a carboxymethylcellulose-gelatin matrix, aimed at optimizing the healing process
of acute burn wounds. Utilising an interdisciplinary approach, the research investigated the
hydrogel's physicochemical properties, biocompatibility, biodegradability, and therapeutic
efficacy through a comprehensive suite of analytical techniques including Fourier Transform
Infrared Spectroscopy (FTIR), Differential Scanning Calorimetry (DSC), Scanning Electron
Microscopy (SEM), and in vitro NIH 3T3 cytotoxicity assays. The findings revealed that the
scaffold demonstrated desirable characteristics such as enhanced mechanical stability and
effective tannic acid release profile without exhibiting cytotoxic effects to NIH 3T3 fibroblast
cells. These properties are critical for creating a moist healing environment, preventing
wound infection, and promoting tissue regeneration. The study's outcomes suggest that
the developed hydrogel wound dressing system holds considerable promise for advancing
burn wound care, offering a scientifically = grounded and potentially  cost-
effective solution for improving patient outcomes. Further in vivo studies and clinical trials are

warranted to validate its efficacy and safety for clinical application.
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Chapter 1 BACKGROUND AND INTRODUCTION

1.1 Introduction

The skin barrier is extremely important for human life. It physically protects the human body
against external factors such as infectious agents, chemicals, systemic toxicity, and allergens.
Internally, the skin helps to maintain homeostasis and protects against increased loss of water
from the body (Kanwar, 2018). Burns are the most extensive form of soft tissue injury,
occasionally causing extensive and deep wounds and death. Due to excessive scars and skin
contractures, burns can cause severe psychological and emotional distress (Cubison et al.,
2006).

Burn injuries are a major public health problem in terms of morbidity and long-term physical and
psychosocial disability, especially in lower-income communities in developing countries such as
South Africa. Approximately 3,2 % of South Africans are affected by thermal burns annually
(Burrows et al., 2009). Studies have shown that the most common causes of burns injuries in
South Africa are heat-induced thermal burns injuries (Allorto et al., 2009; Daffue et al., 2018).
Thermal burns are sub-classified as either wet thermal injuries such as scalds from boiling water

or as dry thermal injuries such as mild flame-induced burn injuries (Tiwari, 2012).

Burn wounds can be classified into different categories depending on the layers of skin and
tissues involved in the burn. Superficial burns usually affect the epidermis which is the outer
layer of the skin. Superficial burns usually cause skin redness whilst no blisters are formed.
Partial thickness burns usually involve both the epidermis and the dermis and are characterised
by redness, blisters and may be swollen and painful. Full thickness burns affect all layers of the
skin and may affect the muscle and bone. These types of burns may appear white or charred
and no pain may be felt if the nerves are damaged (Tiwari, 2012; Wasiak et al., 2013; Wounds
International, 2014).

Healthy, intact skin has a slightly acidic pH of 4.0 to 6.0. This is an important aspect of the skin's
barrier function because it can regulate the bacterial population and prevent infection (Sharpe
et al., 2009). When a wound occurs, the acidic environment and pH of the skin are destroyed,
exposing the pH of the more neutral underlying tissues (pH 7.4). With successful healing and

epithelial regeneration, the skin becomes acidic again. Acute wounds have a more
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neutral pH. In the process of acute wound healing, various factors such as hypoxia and
increased production of lactic acid causes the pH to drop. An acidic pH environment is
considered beneficial because it increases the proliferation and migration of fibroblasts and
regulates bacterial colonization (Jones et al., 2015). The treatment of burn wounds has a
significant impact on wound healing time. Ensuring wound treatment that promotes healing
affects the long-term quality and appearance of the scar and minimizes the risk of burn wound
infection. If the wound becomes dry or infected, superficial and partial thickness wounds can

develop into deeper burn wounds (Wasiak et al., 2013).

A study at the emergency department of a hospital in KwaZulu-Natal showed that 65,6 % of
patients had not received any form of first aid prior to admission for burn wound injuries
(Fiandeiro et al., 2015). The lack of such treatment can have a detrimental effect and incur long-
term costs and financial burdens on the patients, their family as well as the healthcare system.
The cost implications of lacking first aid in burn wound injuries are profound, affecting patients,
their families, and the healthcare system at large. The absence of immediate first aid can lead
to more extensive treatments, such as debridement and skin grafting, significantly increasing
overall treatment costs (Outwater and Van Braekel, 2020). The prolonged and painful recovery
process for severe burn injuries necessitates long-term care and rehabilitation, including
repeated hospital visits, physiotherapy, and psychological support, contributing to higher
cumulative costs (Biswas et al., 2020). The strain on healthcare systems is further exacerbated
in mass casualty scenarios, impacting resource allocation and operational efficiency (Hughes et
al., 2021). Families, particularly in low- and middle-income countries, face substantial financial
burdens due to direct medical costs and lost income from prolonged recovery periods (Stokes
and Johnson, 2017). Effective and easily accessible first aid treatments, such as hydrogel
dressings with cooling properties to minimise tissue damage, can reduce the severity of burns
and associated medical expenses (Goodwin et al., 2015). Comprehensive first aid education
and public awareness campaigns are crucial to mitigating these costs, emphasizing the
necessity of widespread availability of first aid resources (Fiandeiro et al., 2015; Goodwin et al.,
2015).

This study aims to design and develop an effective and novel tannic acid loaded,
carboxymethylcellulose-vanillin-gelatin wound dressing system for the optimal healing of a burn
wound. This system would provide desirable clinical and pharmaceutical properties such as
promoting connective tissue proliferation, collagen synthesis, providing a suitably moist
environment that prevents the wound from drying out, providing a protective barrier to prevent
hypothermia and to prevent exposure of the open wound to the external environment.

Furthermore, this hydrogel wound dressing would possess innate antimicrobial properties, have
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adequate mechanical properties, allow for extended usage without signs of cytotoxicity thereby
reducing the frequency of wound dressing changes, to allow for easy removal from the wound
site without inflicting pain or to prevent further damage and timeous wound closure (Aelenei et
al., 2009; Cubison et al., 2006; Stoica et al., 2020; Sun et al., 2012).

1.2 Study rationale and motivation

While several methods have been validated for the treatment of burns, several limitations
necessitate research on novel and effective strategies. An ideal burn wound dressing should
exhibit the following features: a) It should allow efficient gaseous exchange; b) prevent
bacterial penetration; c) absorb wound exudate while minimising adherence to the surface
wound; d) stimulate wound healing; and e) be non-toxic, elastic and biodegradable (Calé and
Khutoryanskiy, 2015). Most wound dressings lack the necessary therapeutic effects required to

target all aspects associated with the process of satisfactory healing (Koehler et al., 2018a).

In current practice, cold (running) water and Burnshield® burn wound dressings are used as a
primary wound cover for emergency burn care in South Africa (Allorto, 2020; Jonkheijm et al.,
2013). Burnshield® is composed of gauze- dressing infused with 1 % tea tree oil, 96 % purified
water (aqua) and a gelling mixture (Levy et al., 2016). It requires the application of a non-
absorbent bandage such as a crepe bandage to keep the gel-dressing in place to the wound area,
which may limit the efficacy of the dressing if a non-absorbent bandage is unavailable.
Burnshield® has been reported to cause allergic contact dermatitis to a patient who suffered a

first-degree burn injury (Storan et al., 2016).

Hydrogels, synthesised from hydrophilic polymers, possess the unique ability to absorb and
retain large amounts of water, which closely mimics the water-rich environment of human tissues
(Arabpour et al., 2024). This feature is pivotal for their application in various biomedical fields,
including wound healing and drug delivery. Among these are hydrogel scaffolds, especially when
derived from natural polymers such as gelatin, have significantly advanced the field of wound
care (Negut et al., 2020). Gelatin is particularly valued for its biocompatibility, non-toxic nature,
affordability, and impressive water absorption capabilities, making it an ideal candidate for
wound dressing technologies (Ndlovu et al., 2021). Despite these advantages, the mechanical
strength of natural polymers often falls short of the requirements for certain medical applications.
This challenge is addressed by combining them with synthetic polymers, enhancing the structural
integrity of the hydrogels while providing adjustable degradation rates to suit specific biomedical
needs (Koehler et al., 2018b).

In the specific context of treating burn wounds, research has increasingly focused on hydrogel

scaffolds that incorporate gelatin and carboxymethyl cellulose (CMC). These materials have
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been shown to significantly accelerate the healing process, with gelatin-based scaffolds
demonstrating a potential to revolutionize wound care (Ndlovu et al., 2021). CMC-based
hydrogels, and especially formulations including sodium carboxymethyl cellulose (Na-CMC),
have also been highlighted for their effectiveness in burn treatment, reflecting the broader utility
of CMC in wound care applications (Ozyilmaz et al., 2023). The use of vanillin as a crosslinking
agent in these hydrogels enhances their mechanical and barrier properties, underlining the

importance of crosslinkers in improving the functionality of biofilms (Tomadoni et al., 2019).

However, a critical limitation of these hydrogel systems is their intrinsic lack of antibacterial
activity, a gap that is bridged by incorporating bioactive substances such as tannic acid (TA). TA
not only stabilises collagen and elastin within the extracellular matrix but also offers antioxidant,
anti-inflammatory, and antibacterial properties. These attributes significantly bolster the wound
healing efficacy of hydrogel scaffolds, highlighting the transformative potential of integrating
bioactive compounds into hydrogel formulations for enhanced therapeutic outcomes
(Kaczmarek, 2020; Liu et al., 2024).

Compositionally and mechanically, hydrogel scaffolds are similar to the natural extracellular
matrix of the skin, from a chemical and mechanical perspective, thus it can serve as supporting
material for cells during tissue regeneration and as a carrier in delivering a therapeutic

agent/active pharmaceutical ingredient (Jones et al., 2015).

Through the strategic combination of natural and synthetic polymers, and the incorporation of
bioactive compounds like TA (see Table 1-1 below for comparison), the development of hydrogel
scaffolds for wound care is poised for innovation. This approach not only mitigates existing
limitations but also paves the way for creating more effective, multifunctional wound healing

therapies, showcasing the dynamic potential of hydrogel technology in biomedical applications.
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Table 1-1 Table comparing the polymers and bioactive used for the synthesis of the scaffold.

Property CMC Gelatin Tannic acid Refs.

Biocompatibility Highly biocompatible, favouring its Known for excellent Natural compound with high (Deng et al., 2024;
use in direct contact with human  biocompatibility, mimicking the  biocompatibility, minimizing the Liu et al., 2024;

tissues, facilitating integration natural extracellular matrix to  risk of allergic reactions and Ndlovu etal., 2021)
without significant promote cell growth and adverse responses.
adverse immune responses. wound healing.
Antibacterial Acts as a physical barrier against No known antibacterial Significant, preventing infection (He H et al., 2024;
Activity infections, crucial for properties. in susceptible burn Ibrahim et al., 2022;
burn wounds. wounds. Kaczmarek, 2020)
Antioxidant Low antioxidant activity, Limited inherent capacity, often Potent antioxidant capabilities, (Deng et al., 2024;
Properties potentially enhanced in boosted with additives. essential for reducing oxidative Ndlovu et al., 2021;
formulations. stress and promoting cellular Zhang et al., 2024)

repair in wound sites.

Astringent Effects Lacks inherent astringent Mild astringent effects Strong, aiding tissue contraction (Liu et al., 2023;
properties, focuses on hydration.  beneficial for wound care and protection. Ndlovu et al., 2021,
Supriya et al.,
2023)
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Wound Healing

Supports a moist environment for Accelerates healing through cell

Promotes rapid healing via cell  (Akhlag et al., 2024;

Promotion healing. proliferation. proliferation and migration. Liu et al., 2024,
Shahmohammadi
et al., 2024)

Moisture High, maintaining an optimal Ensures a moist environment Adequate, with tailored (Kaal et al., 2005; Liu

Retention healing environment. beneficial for healing. formulations for wound moisture. et al., 2024;
Shahmohammadi
et al., 2024)

Drug Delivery Suitable for therapeutic agent Delivers drugs directly to Facilitates controlled drug (Kaczmarek, 2020;

System embedding and controlled wounds, improving healing. release for wound management Karami et al., 2022;

release. LiY et al., 2024)
Cost- Economical production, providing Value enhanced by Economical due to plant- based (He H. et al., 2024;

Effectiveness

a cost-effective material for multifunctional healing

wound care. properties.

origin, effective for hydrogels. Supriya et al., 2023;
Szabho et al., 2023)

Natural Source

Derived from cellulose, offering an Sourced from animal collagen,

eco-friendly option. supporting natural healing

methods.

Plant-derived, aligning with (Akhlag et al., 2024,
sustainable material sourcing. Ndlovu et al., 2021;
Supriya et al.,
2023)
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1.3 Aim and objectives

The purpose of this study was to design and synthesize a biocompatible and biodegradable,

hydrogel system for a potential treatment of acute superficial burn-wounds.
The following objectives were conducted and completed in the study:

Objective 1: To synthesize a biocompatible tannic acid loaded hydrogel employing solution gelation

approach.

Objective 2: To evaluate the chemical and physical properties of the hydrogel scaffold and its starting

materials employing FTIR, and DSC.

Objective 3: To determine the mechanical properties of the hydrogel scaffold employing the texture

analyser equipment.

Objective 4: To assess the surface morphological properties of the hydrogel scaffold utilising SEM

analysis.

Objective 5: To determine tannic acid drug release from the scaffold in vitro utilising UV-Vis

spectrophotometer.

Objective 6: To undertake in vitro biodegradation analysis employing the Zeta Sizer to

determine the change in zeta potential of the scaffold over time.

Objective 7: To evaluate the cytotoxicity of the hydrogel scaffold and starting materials by using the

NIH 3T3 mouse embryonic fibroblast cell line.

1.4 Overview of this research report

Chapter 1: Serves as the introduction of the dissertation and describes pathophysiology of burn
wounds and the challenges faced by individuals who incur these burn wounds. Discussion on current
therapies for acute burn wounds and the challenges including cost implications and access to
treatment. Furthermore, this chapter briefly presents hydrogel systems as novel drug delivery
platforms for the treatment of acute burn wounds and advantages thereof. Literature from previous
studies involving hydrogels is presented as evidence for the efficacy of hydrogels use in wound

healing. Finally, the aim and objectives of the study are outlined in this chapter.

Chapter 2: A critical review of the significant role of pH in the healing of burn wounds, exploring how pH
influences the effectiveness of various types of wound dressings on the healing process. It highlights

the importance of maintaining an optimal pH environment for enhancing
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cellular functions, enzyme activity, and controlling microbial proliferation, which are pivotal for tissue
repair and regeneration. The chapter highlights clinical evidence supporting the use of pH-modified
dressings in improving healing outcomes and discusses the challenges and future directions in the
development and application of these dressings. Emphasizing the integration of smart hydrogels,
nanotechnology, and biosensors, it advocates for further research and innovation in dressing

technologies to optimise burn wound care.

Chapter 3: Describes the design, materials and methods used, as well as results and discussion for
the synthesis of the hydrogel scaffold. It explains the characterization conducted utilising the FTIR,
DSC, SEM and Texture Analyser. The drug release profile was determined by dissolution and UV/Vis
Spectroscopy. Degradation studies were performed using Zeta Potential analysis. Cell viability studies
were also conducted utilising MTT assay for proof of concept and confirmation of non-toxicity to
physiological tissue.

Chapter 4: This study culminates by proving through the means of “proof of concept” that this scaffold
is a leap forward in the treatment of acute burn wounds, offering an alternative to the current paradigms
in wound dressing technologies. Future in vitro, further biodegradation studies, pH/thermo-responsive

abilities are recommended.
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CHAPTER 2 : CRITICAL REVIEW OF PH INFLUENCED PARAMETERS WHICH HAVE AN
EFFECT ON BURN WOUND HEALING AND APPLICATIONS

2.1 Introduction

The management of burn wounds remains a paramount challenge in clinical practice, necessitating
interventions that accelerate healing, prevent infections, and minimising long- term scarring. Among
the myriad of factors influencing the healing trajectory, the pH of the wound environment has garnered
significant attention for its pivotal role in modulating biological processes essential for tissue repair
and regeneration. The pH level within wound environments is a critical determinant of enzymatic
activities, microbial proliferation, and the functionality of key cellular constituents involved in the
healing process (Figure 2.1) (Schreml et al., 2010). This understanding has catalysed a shift towards
the development of wound care strategies that consider pH modulation as a central tenet for optimizing

healing outcomes.

Inflammation Proliferation Remodelling

4 =

*Fibroblasts
*Re-epthelialization
*Neovascularization

*Cytokines
*Neutrophils
*Monocytes
*Endothelials

*Myofibroblast

*Degradation of
collagen

ACIDIC ALKALINE

Figure 2-1 The wound healing phases to attenuate fibrosis and scarring. Image adapted from
(Schreml et al., 2010).

The interplay between wound pH and healing dynamics is complex and multifaceted. An acidic wound
environment is traditionally associated with enhanced antimicrobial properties and is considered
conducive for the initial inflammatory phase of wound healing. This phase is crucial for setting the stage
for subsequent tissue repair and regeneration (Gethin, 2007.; Schreml et al., 2010). Conversely, the
progression to later stages of healing has been observed to benefit from a neutral to slightly alkaline
pH, which supports fibroblast proliferation, collagen deposition, and ultimately, wound closure
(Percival et al., 2014). These insights have underpinned the rationale for the development of pH-
modified wound dressings, which aim to provide an optimal healing milieu through the dynamic
modulation of wound pH (Schreml et al., 2010).
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Recent advancements in wound care technology have led to the introduction of smart wound
dressings capable of pH-responsive behaviour. These innovative dressings not only protect the
wound from external contamination but also actively participate in the healing process by adjusting
the wound pH in accordance with the healing stage (Derwin et al., 2021). The development and
application of such dressings represent a significant leap forward in personalised wound care, offering
the potential for improved healing rates, reduced infection risks, and better overall outcomes for

patients with burn injuries.

Despite the promising developments in pH-modified and smart wound dressings, the literature presents
a fragmented picture of their efficacy and mechanisms of action. This literature review aims to
consolidate current knowledge on the significance of pH in acute burn wound dressings. It will explore
the biological underpinnings of the influence of pH on wound healing, evaluate the development, and
performance of pH-modified dressings, and scrutinize the clinical evidence supporting their application
in burn wound management. Through a comprehensive synthesis of available research, this review
seeks to elucidate the role of pH management in advancing wound care practices and highlight future

directions for research and clinical application.

211 The role of pHin wound healing

The treatment of burn wounds presents a complex challenge in medical care, requiring strategies that
not only address immediate tissue damage but also prevent infection and optimise healing. The
selection of appropriate wound dressings is crucial for managing burn injuries. Dressings not only
serve to protect the wound from external contamination but also create an environment conducive to

healing. The pH properties of these dressings play a significant role in their effectiveness.

Wound healing is a dynamic process, involving a series of coordinated phases that include
inflammation, proliferation, and maturation. The pH level of the wound environment plays a pivotal
role at each stage, influencing cellular functions, enzyme activity, and microbial proliferation. The pH
of the wound environment can significantly affect the behaviour of cells critical to the healing process,
such as fibroblasts and keratinocytes. A slightly acidic pH has been shown to enhance fibroblast

proliferation and collagen synthesis, which are essential for
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tissue repair and strength. Schneider et al., demonstrated that an acidic environment could accelerate
wound closure by stimulating keratinocyte migration (Schneider et al., 2007).

Enzymatic processes crucial for wound healing, including those involved in debridement and
remodelling, are pH-sensitive. A study by Gethin found that an optimal acidic to neutral pH range is
vital for maintaining enzymatic activity that aids in cleaning the wound and facilitating the proliferation
phase (Gethin, 2007). The wound’s pH can influence the susceptibility to infection, with an acidic
environment inhibiting bacterial growth. A study by Percival et al. highlighted the antimicrobial
properties of acidic wound conditions, which can reduce the risk of infection and promote a safer

healing environment (Percival et al., 2014).

Research by Ono et al. stresses the diagnostic potential of pH monitoring in burn wounds. Their study
demonstrated that an elevation in wound pH could precede visible signs of infection in second-degree
burns, suggesting that pH monitoring might serve as an early, non- invasive indicator of infection,
critical for timely intervention and management (Ono et al., 2015). A study by Sharpe et al. also
provided valuable insights into the relationship between wound surface pH, healing time, and burn
depth. Their findings indicated that wounds with a lower pH at the time of the second dressing change
were more likely to heal without the need for grafting, suggesting the potential of pH measurement as

a prognostic tool in burn wound care (Sharpe et al., 2009).

2.2 Types of burn wound dressings and their pH characteristics

221 Alginate based wound dressings and their impact in burn wounds

Alginate dressings, known for their natural origin from seaweed and their gel-forming capabilities upon
contact with wound exudate, have been shown to maintain an optimal pH for healing, absorbing
moisture and facilitating tissue regeneration effectively (Aderibigbe and Buyana, 2018). Recent
studies have further explored the pH sensitivity of these dressings and their impact on wound healing.
Recent literature has introduced innovations in alginate-based dressings, enhancing their pH

sensitivity and wound healing properties (Maghsoudi et al., 2024).

Sadeghi-Aghbash et al. developed alginate-based dressings for burn wounds, incorporating
ciprofloxacin and zinc oxide. These dressings demonstrated pH-sensitive drug release, with increased
release at higher pH levels, and displayed excellent wound healing capabilities in terms of wound
closure and tissue regeneration (Sadeghi-Aghbash et al., 2024). This highlights the importance of pH-

sensitive formulations in optimizing the therapeutic outcomes
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of alginate dressings. Another study by Hautmann et al. designed a composite wound dressing by
combining an electrospun fleece with a multilayer film. This innovative dressing showcased pH-
sensitive bonding and was studied for its wound healing properties, presenting comparable tensile
strength to traditional alginate dressings. The incorporation of pH-sensitive elements into the dressing
design exemplifies the advancements in creating more effective wound care solutions (Hautmann et
al., 2024). Modern alginate dressings are becoming increasingly effective in managing wounds by
incorporating advanced materials and technologies, such as drug release mechanisms and structural

modifications, promoting faster healing, and improving patient outcomes.

2.2.2 Silver based wound dressing’s impact on wound’s pH

Silver sulfadiazine is recognised for its broad-spectrum antimicrobial activity, which is crucial in
preventing wound infections. However, the mechanism by which silver sulfadiazine potentially alters
the wound's pH, and its implications for healing remains a critical area for careful consideration. Atiyeh
et al. previously highlighted the potential for silver sulfadiazine to delay healing processes by affecting
the wound's pH balance, suggesting a need for a judicious approach to its use (Atiyeh et al. 2007).

2.2.3 Foam based dressing’s impact on burn wound pH

Foam dressings are highly valued in burn wound care for their ability to meet the complex
requirements of wound healing. They ensure the wound remains at an ideal temperature, supporting
tissue repair, as Jones et al. have emphasized the importance of thermal regulation (Jones et al., 2002).
Additionally, these dressings adeptly manage moisture by absorbing excess exudate while keeping
the wound moist, thus preventing tissue dehydration and reducing maceration risk (Chaganti et al.,
2019). Oxygen exchange facilitated by foam dressings is crucial for cellular respiration and inhibiting

anaerobic bacteria, enhancing wound microenvironment health (Sarheed et al., 2016).

A pivotal aspect of foam dressings is their ability to maintain balanced wound pH, essential for optimal
enzyme function and tissue oxygenation, critical for healing processes (Schneider et al., 2007). An
acidic environment helps deter bacterial colonization, reducing infection chances (Gethin, 2007).
Landén et al. point out that pH impacts healing by affecting cellular function and matrix formation
(Landén et al., 2016).

A study by Raepsaet et al. further enhances this discussion, providing a systematic review of the

effectiveness of foam dressings in treating complex wounds. Their comprehensive analysis of

outcomes and measurement instruments underlines the clinical significance and
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versatility of foam dressings in managing various wound types, emphasizing the dressings' role in
achieving optimal healing conditions through moisture management, thermal regulation, and pH
balance (Raepsaet et al., 2022).

Foam dressings emerge as a versatile tool for burn wound management, excelling in thermal
insulation, moisture regulation, and facilitating gas exchange. Their capacity to maintain appropriate
wound pH, corroborated by the findings of Cutting, Schneider et al., Gethin and Raepsaet et al.,
underscores their critical role in promoting conducive healing environments. This body of evidence
highlights the necessity of employing suitable wound care strategies to enhance patient outcomes in
burn wound management (Cutting, 2008; Gethin, 2007; Raepsaet et al., 2022; Schneider et al., 2007).

224 Honey based dressing’s impact on burn wound pH

Honey-based dressings, renowned for their natural acidity, have been utilised for their ability to create
a conducive environment for wound healing. This environment not only promotes enhanced
antimicrobial activity but also supports the overall healing process. Molan and Rhodes discussed the
multifunctional benefits of honey in wound care, including its role in pH modulation, which is crucial for
managing wound environments effectively. Honey's natural acidity helps to lower the pH of the wound
environment. A lower pH is associated with reduced presence of protease activity, increased oxygen
release, and enhanced fibroblast activity, all of which are beneficial for wound healing. The
antimicrobial properties of honey, attributed to its low pH, high osmolarity, and the presence of
hydrogen peroxide and other bioactive compounds, play a significant role in preventing wound
infections (Molan and Rhodes, 2015).

2.2.5 Hydrogels dressing’s impact on burn wound pH
Hydrogel dressings are favoured for their cooling effect and ability to maintain a moist healing
environment. These dressings, which often have a slightly acidic to neutral pH, support cell migration

and proliferation, critical for the early stages of wound healing (Martin and Nunan, 2015).

Smart hydrogels are an innovative class of hydrophilic polymer networks that can undergo significant
and reversible changes in their structure and properties in response to external stimuli. Unlike
conventional hydrogels, which maintain consistent properties, smart hydrogels react to variations in
environmental conditions such as temperature, pH, or the presence of specific ions or molecules. This
responsiveness enables smart hydrogels to transition between states of swelling and deswelling,
altering their volume, porosity, and mechanical strength accordingly. The capacity for such dynamic

behaviour makes smart hydrogels highly versatile
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and valuable in applications ranging from drug delivery systems, where they can control the release
of therapeutics, to tissue engineering scaffolds that adapt to biological environments, and even as
actuators in soft robotics (Calé and Khutoryanskiy, 2015; Qiu and Park, 2001).

Smart hydrogels represent a breakthrough in wound dressing technology, with their ability to change
physical properties in response to the pH of the wound environment. These hydrogels are engineered
to provide optimal moisture and mechanical support, which are crucial for different stages of wound
healing. Zhang et al. demonstrated that smart hydrogels could accelerate wound closure and reduce
infection rates by maintaining an acidic environment conducive to early-stage healing and gradually
adjusting to support later stages of tissue regeneration (Zhang et al., 2023). Cao et al. highlighted the
potential of self-regulating hydrogels that adjust their stiffness in response to pH changes, promoting

cell migration and proliferation essential for wound healing (Cao et al., 2023).

Recent research into pH-sensitive hydrogels has illuminated their significant potential across a variety
of biomedical applications, particularly in the realm of controlled drug delivery and tissue engineering.
Studies have demonstrated that these hydrogels' responsiveness to environmental pH changes can
be finely tuned for precise drug release in specific bodily regions characterized by distinct pH levels.
For instance, Salih and Alshrefi explored the pH- sensitive swelling behaviour and drug release
kinetics of chitosan-modified hydrogels, uncovering the pivotal role of cross-linking agents in
modulating these hydrogels' stability and responsiveness for targeted drug delivery (Salih and Alshrefi,
2024). Similarly, Kalmer et al. investigated how polymer composition affects the rheological and
mechanical properties of Eudragit L100-55/gelatin-based hydrogels, revealing their capability to act

as pH-sensitive drug delivery systems that can adapt to the gastric pH medium (Kalmer et al., 2024).

Hu et al. introduced a low-cytotoxicity fluorescent probe within hydrogels for real-time pH
measurement, demonstrating the probe's consistent sensitivity across a range of pH values (Hu et al.,
2024). Nabipour et al. developed a bio-based hydrogel for pH-responsive drug delivery, showing
promise for controlled release under both physiological conditions and the acidic environment of
tumour cells, highlighting its potential for targeted cancer therapy (Nabipour et al., 2024). A
comprehensive review by Gong et al. on cellulose-based intelligent- responsive hydrogels emphasized
their capability to adjust proton capture or release in response to different pH levels, underlining the
adaptability of pH-sensitive hydrogels in drug delivery applications (Gong et al., 2024). These studies
show the versatility and importance of pH-sensitive hydrogels in advancing medical science, offering

innovative solutions for precision medicine through localised and controlled therapeutic agent delivery.
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A noteworthy advancement comes from Pinto e Souza et al. who developed pH-sensitive wound
dressings using PVA/PAA hydrogels and bioactive glass nanoparticles doped with cerium and cobalt.
These materials showcased pH-responsive behaviour, allowing for controlled release of therapeutic
ions, and highlighting the potential of such dressings in bioactive wound care (Pinto e Souza et al.,
2024).

Ribeiro et al. modified polyvinyl alcohol-based electrospun mats with naturally-derived halochromic
molecules for potential applications in wound healing monitoring. This innovation permits the bioactive
dressing to assist in monitoring healing progression through pH sensitivity, without necessitating
frequent dressing removal and thereby preventing potential wound disturbances (Ribeiro et al., 2023).
Liu et al. introduced a bioinspired natural shellac dressing for rapid wound sealing and healing. This
type of bioactive shellac-based wound dressing showcased superior mechanical strength,
biocompatibility, and pH sensitivity, marking a significant step forward in the development of efficient
wound care solutions (Liu et al., 2023).

These studies illustrate the dynamic progress in the development of bioactive dressings that not only
provide antimicrobial and anti-inflammatory action but also adapt to the wound's healing needs
through pH-sensitive mechanisms. This approach enhances the overall healing process, from the initial
inflammatory phase to later stages of tissue regeneration, by maintaining an optimal wound

environment. The various wound dressings have been compared in Table 2-1 below.
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Table 2-1 Types of Burn Wound Dressings

Dressing Type

Material Responsible for pH Sensitivity or Advantages
pH Sensitivity or Control Control

Disadvantages

Reference

Standard Hydrogel

Not specified. Not specified. Maintains moist
healing environment,

cooling effect.

Limited absorption
capacity.

(Martin and Nunan,
2015)

Smart Hydrogels

pH-sensitive polymers Adjusts to wound Supports cell migration

Complex manufacturing.

(Caoetal., 2023; Jia

pH. and proliferation. et al., 2023)
Alginate Calcium and sodium ions  Slightly acidic. High absorption, forms  Can dry out the wound. (Hautmannetal.,
in alginate (general gel with wound exudate. 2024; Hu et al.,
knowledge, not from 2024; Sadeghi-
provided examples). Aghbash et al.,
2024)
Foam Not specified. Neutral. Thermal insulation, May not suit all wound (Cutting, 2008)

moisture control.

types.

Honey-based

Natural enzymes and pH- Naturally acidic.  Antimicrobial properties,

modifying components in promotes healing.

honey.

Potential stickiness.

(Molan and Rhodes,
2015)

Page 26 of 77



(general knowledge, not
from provided
examples).

Spray-Type Alginate
Hydrogel

Calcium and sodium ions  Slightly acidic.

in alginate.

Promotes healing,

Reduces pain.

Specific to initial burn

care.

(Choi et al., 2024)

Polyvinyl Alcohol
Hydrogel with
Nanoclay

Not specified. Neutral.

Enhances stem cell
adhesion, Prevents
dressing sticking to the

wound.

Focused on specific
wound types.

(Renani et al., 2024)

Oxidized Alginate-
Gelatin/Silk Fibroin
Hydrogels with Cu-
Ag Doped
Mesoporous
Bioactive Glass

Cu-Ag doping in Slightly alkaline.
mesoporous bioactive

glass (general

knowledge, not from

provided examples).

Targets enhanced
healing and infection

control.

Advanced

manufacturing required.

(Akhlag et al., 2024)

Injectable Hydrogel

pH-sensitive polymers for pH-responsive.
glucose-responsive

insulin delivery discussed

in Li et al.

(2017).

Antimicrobial and anti-
inflammatory properties,
Ideal for antibiotic-
resistant

infected wounds.

Requires precise

application.

(Li Y. etal., 2024)
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2.3 Evidence supporting pH-modified dressings in burn wound care

Optimal wound care strategies are crucial for the effective management of burn injuries, with the
pH level of the wound environment playing a critical role in healing outcomes. Recent
advancements in pH-modified dressings have sparked significant interest, offering potential
improvements in healing efficacy through the modulation of wound pH.

Wang et al., introduces intelligent hybrid hydrogels capable of rapid in situ detection and
photothermal therapy of bacterial infections, particularly in burn wounds. These hydrogels respond
to the presence of bacteria by altering the pH of the environment, which can be monitored in real-
time. Upon detection of an infection, the hydrogel facilitates localised photothermal therapy by
converting near-infrared light to heat, effectively reducing bacterial load and restoring optimal pH
conditions for healing. This innovative approach highlights the critical interplay between pH
modulation and infection control in promoting wound healing (Wang et al., 2020).

Derwin et al.'s systematic narrative review consolidates clinical evidence on the impact of various
topical agents and dressings on wound pH and temperature. The review underscores the potential
of specific dressings and agents, such as Manuka honey and silver dressings, to lower wound pH
and improve healing outcomes. Manuka honey, known for its antimicrobial properties, also exerts
a modulating effect on wound pH, fostering an environment conducive to healing. The review calls
for further research to explore the mechanisms by which these agents influence wound pH and

their overall efficacy in acute burn wound care (Derwin et al., 2022).

2.4 Therole of pH-modified dressings in burn wound care

The therapeutic efficacy of pH-modified dressings in managing burn wounds is underpinned by
several key mechanisms. These mechanisms work in conjunction to create an optimal healing
environment, addressing the critical aspects of wound repair, including antimicrobial defence,
enzymatic activity, and cellular function. A comprehensive understanding of these actions

provides insight into the clinical benefits observed with the use of these dressings.

Optimal wound healing requires the activity of various enzymes involved in debridement,
angiogenesis, and tissue remodeling. The activity of these enzymes, such as matrix
metalloproteinases (MMPs) and collagenases, is pH dependent. An alkaline environment, often
observed in chronic wounds, can lead to excessive MMP activity, detrimental to healing.
Conversely, pH-modified dressings can help maintain a balanced enzymatic activity by preserving

an optimal pH, thus promoting efficient debridement and tissue repair (Schneider et al., 2007).

The healing of burn wounds involves the orchestrated activity of various cell types, such as

keratinocytes, fibroblasts, and endothelial cells, which are crucial for processes including re-
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epithelialization, collagen deposition, and neovascularization, respectively. These cellular
functions are influenced by the wound's pH level, where a slightly acidic to neutral pH is optimal
for fibroblast proliferation and keratinocyte migration, thus facilitating effective wound closure and
tissue regeneration. Dressings such as pH-modified dressings play a vital role in this context by
optimizing cellular functions and maintaining the wound environment within this beneficial pH range
(Martin and Nunan, 2015; Zhao R et al., 2016).

2.4.1 Antimicrobial properties

Maintaining an acidic environment in wound care using pH-modified dressings has been
recognised for its significant antimicrobial activities. This strategy is especially beneficial in
managing burn wounds, where the risk of infection is heightened. The acidic conditions created
by these dressings are known to be less favourable for the survival and proliferation of bacteria,
notably reducing the susceptibility of wounds to infections. Research supports this approach,
indicating that pathogens such as Pseudomonas aeruginosa and Staphylococcus aureus, which
are frequently implicated in burn wound infections, show reduced viability in acidic environments
(Percival et al., 2014). This antimicrobial effect is pivotal for preventing infections that could

otherwise delay the healing process and lead to further complications.

Several studies have further explored innovative approaches and substances that exhibit
antimicrobial properties in response to pH changes. For instance, the investigation into the
micellization of curcumin for its improved stability and antimicrobial activity in acidic conditions
suggests the potential of incorporating natural compounds into dressing formulations (Ryu et al.,
2024). Similarly, the development of propolis-infused non-woven materials for nursing pads
emphasizes the broad-spectrum antimicrobial sensitivity of various bacterial species to natural
extracts, further underscoring the role of pH in enhancing antimicrobial effectiveness (Somogyi
Skoc et al., 2024). These findings highlight the ongoing interest in and the importance of
leveraging pH sensitivity to augment the antimicrobial capabilities of wound dressings. Focusing
on the mechanisms through which pH modification influences bacterial viability and infection risk,
these studies contribute to a deeper understanding of how to optimise wound care practices,

especially in the context of burn wounds where infection control is a critical concern.

2.4.2 Tissue regeneration properties

Recent research, such as the work by Kojima et al., further underscores the significance of pH
sensitivity in wound healing. They engineered pH-responsive, self-healing vesicle-type artificial
tissues to emulate the natural tissue environment, highlighting the potential of creating optimal

healing conditions through pH modulation (Kojima et al., 2024). Similarly, Shi et al. developed
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functional hydrogels for delivering the proteolytic enzyme Serratiopeptidase, which aids tissue
regeneration. These novel pH-sensitive hydrogels adjust to the wound’s pH, emphasizing the
crucial role of pH in promoting wound healing and tissue repair (Kamenova et al., 2024). Together,
these studies and innovations highlight the consensus in the literature regarding the positive
impact of maintaining an appropriate pH environment on cellular function and tissue regeneration
in burn wounds. By leveraging the principles of pH modification, researchers and clinicians aim to
enhance the efficacy of wound healing interventions, thus contributing to more efficient tissue

repair and recovery.

2.4.3 Anti-inflammatory properties

The inflammatory response is pivotal in the initial phase of wound healing, as it involves the
recruitment of immune cells to clear debris and pathogens. However, prolonged inflammation can
impede healing and lead to scar formation. Recent studies emphasize the role of pH- modified
dressings in modulating the inflammatory response, potentially curtailing excessive inflammation
and encouraging progression to the proliferative phase of healing. This modulation is achieved
partly through the impact of pH on cytokine production and immune cell activity, essential in
managing the inflammatory response (Kondo and Ishida, 2010). A study by Kolesov et al. on the
fabrication of Alginate/Ozoile gel microspheres through the electrospray process highlights the
potential of pH-sensitive alginate microspheres in managing oxidative stress and inflammation,
showing great promise in the modulation of the LPS-induced inflammatory response in colonic
epithelial cells. Such findings highlight the significant potential of pH-sensitive materials in

effectively managing inflammatory processes (Kolesov et al., 2024).

Additionally, research by Gustavo Lima et al. explores the modulating effects of jelleine, a family
of peptides isolated from the royal jelly of honeybees, on tumour cell growth and the inflammatory
process (Gustavo Lima et al.,, 2024). This study reveals the pH-dependent activities of these
peptides, further illustrating the role of pH in controlling inflammation and suggesting potential
avenues for new medicines based on natural compounds and their pH- sensitive properties
(Gustavo Lima et al., 2024).

These recent advancements underline the importance of pH modulation in the inflammatory
response within wound healing contexts. There is a clear pathway toward reducing excessive
inflammation, thus supporting the overall healing process and reducing the risk of complications

associated with delayed wound healing.

The clinical evidence supporting the use of pH-modified dressings in burn wound care suggests a

promising avenue for improving patient outcomes. However, the implementation of these
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dressings in clinical practice requires careful consideration of wound characteristics, patient
factors, and dressing properties. Future research should focus on identifying the optimal pH range
for different wound types and stages of healing, as well as developing new materials and

technologies that can provide precise pH modulation.

2.5 Limitations and challenges

To date, technological advancements in burn wound care are indeed paving the way for more
effective treatments, yet they also introduce several challenges that need to be addressed. Key
among these is the cost of dressing development, accessibility, and data privacy concerns,
alongside the need for regulatory approvals to bring these innovations to market effectively and

safely.

Research into smart 3D structures in skin tissue engineering, such as gas foamed scaffolds,
demonstrates the potential for creating advanced wound dressings that cater to specific needs in
wound care. However, the development of these technologies poses significant challenges for
healthcare systems, emphasising the need for cost-effective solutions (Bianchi et al., 2024). The
use of 3D bioprinting technologies for regenerative therapy of skin damage offers exciting
prospects for post-burn wound treatment. Despite the advancements, there are still issues that
need improvement, particularly concerning the biocompatibility and effectiveness of these

constructs in wound healing (Baranovska and Lutsenko, 2024).

Exploration of novel treatments like the Plasma Directed Electron Beam (PDEB™) highlights the
potential of new technologies in enhancing wound healing and addressing chronic wounds.
PDEB™ has demonstrated efficacy in inhibiting bacterial growth and has shown encouraging
safety profiles when applied to human epithelial cells. This technology, particularly the PDEB™
handheld device, has shown promise in military operational medicine and beyond, emphasizing
its potential for broad therapeutic use (Bauer et al., 2024). The mechanism by which PDEB™
enhances wound healing involves the application of a directed electron beam to the wound area.
This beam generates plasma, which has been found to possess antimicrobial properties,
effectively reducing bacterial load in wounds and thereby decreasing the risk of infection (Bauer
et al., 2024). The plasma produced by the electron beam promotes tissue regeneration and
healing by stimulating cellular responses and increasing the expression of growth factors involved

in wound repair (Nguyen et al., 2022).

Cold plasma technology, similar to PDEB™, has been evaluated in various studies and has shown

to accelerate wound healing processes, reduce inflammation, and enhance cell proliferation and

migration. These properties are crucial for effective wound management and are especially

beneficial for chronic wounds that are resistant to conventional treatments (Dubey et al., 2022).
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Despite these promising findings, safety and efficacy remain critical challenges that require
thorough investigation to ensure these innovations can be safely implemented. Comprehensive
studies and clinical trials are necessary to fully understand the long-term effects and to confirm

the preliminary positive results observed in early research (Bauer et al., 2024).

These studies collectively underline the complexities involved in advancing burn wound care
through technological innovations. Efforts to mitigate these challenges involve not only
enhancing the technological aspects but also ensuring these advancements are accessible, cost-
effective, and secure, all while navigating the intricate process of regulatory approvals. This
multifaceted approach aims to make significant strides in improving patient care in the face of

evolving challenges within the field of burn wound management.

2.6 Future directions and challenges in the development and application of pH- modified

dressings

2.6.1 Nanotechnology in pH-modified dressings

The integration of nanotechnology in the development of pH-modified dressings represents a
promising area of research, with significant potential to advance wound care. This interdisciplinary
approach combines the precision of nanotechnology with the critical need for pH-sensitive
interventions in wound healing environments. Notably, nanoparticles, including silver
nanoclusters, are under investigation for their ability to offer pH-responsive antimicrobial properties.
These innovations promise targeted infection control that becomes active in response to the
specific pH changes associated with infections, a crucial advancement for enhancing wound care

outcomes (Davies et al., 2017).

The development and implementation of nano-carriers for drug delivery within these dressings
signify a leap forward in therapeutic interventions. These nano-carriers are engineered to release
healing agents, such as growth factors or antibiotics, in a pH-dependent manner. This specificity
ensures that the therapeutic agents are released directly at the wound site and at the optimal time
during the healing process, potentially speeding up recovery and improving the efficacy of the

healing process (Biswas et al., 2012).

2.6.2 Smart hydrogels with integrated sensors

Smart dressings with integrated sensors, particularly those sensitive to pH changes, represent a
significant leap forward in personalised wound care. These innovative dressings combine the
precision of nanotechnology and the practicality of real-time monitoring to offer dynamic treatment
options tailored to the wound's specific needs. The integration of pH sensors and wireless

communication capabilities within these dressings allows for continuous, non- invasive monitoring
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of the wound environment, providing valuable data to adjust treatment plans effectively. Recent
advancements have led to the development of injectable conductive hydrogels that exhibit self-
healing properties, motion monitoring capabilities, and targeted bacterial theranostics, making
them ideal for bioelectronic wound dressing applications. These hydrogels are particularly noted
for their excellent sensitivity, cyclic stability, and pH- responsive behaviour, facilitating intelligent

wound monitoring and healing (Shan et al., 2024).

The progress in hydrogel dressings with built-in sensors or intelligent sensing capabilities
underscores the trend towards more sophisticated wound care solutions. These hydrogels are
prepared with pH-sensitive materials, enabling real-time wound assessment and adding a

valuable layer to therapeutic interventions (Jin et al., 2023).

These advancements highlight the potential of smart dressings with integrated sensors to
revolutionize wound care. In enabling timely updates on wound status and ensuring interventions
are optimally timed, healthcare providers can support healing more effectively, ushering in a new

era of personalised, responsive wound management.

2.6.3 pH sensitive Films

The creation of multifunctional graphene quantum dot-polyvinyl alcohol-polyglycerol luminescent
films has introduced an intelligent pH sensing system suitable for the detection of pH variations in
sweat. This technology can extend to health monitoring, facial masks, and medical dressings,
offering a versatile approach to smart wound care (Ke et al., 2023). Further innovation is seen in
chitosan-based composite film dressings, which not only respond to the wound's pH environment
but also feature smart sensing and anti-inflammatory properties. These dressings are designed to
accelerate the healing process, especially for diabetic wounds, by integrating pH-sensitive purple
cabbage indicators (Li C. et al., 2024).

2.6.4 Bioresponsive dressings

Bioresponsive dressings represent a frontier in wound care innovation, designed to interact with
the biological components of the wound environment actively. These advanced dressings are
engineered to respond to specific biological signals, such as enzymes or cytokines, indicative of
the wound's healing phase. By altering their physical structure or releasing therapeutic agents
in response to enzymatic activity associated with inflammation or infection, bioresponsive
dressings offer adaptive support, minimizing the risk of transitioning into chronic wounds. Guo et al.
have developed physical dynamic double-network hydrogels, demonstrating promising stability,
elasticity, and bioresponsive properties. These hydrogels combine self-healing, adhesive, and
antibacterial capabilities, responding adeptly to pH changes in the wound environment, signifying

a leap towards intelligent wound monitoring and healing facilitation (Guo et al., 2023).

2.6.5 Electrospun nanofibers
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The research by Koohzad and Asoodeh on cross-linked electrospun pH-sensitive nanofibers,
adsorbed with Temporin-Ra, illustrates the potential of bioresponsive materials to generate
biological functions in response to pathological abnormalities. This study highlights how such
materials, through their sensitivity to pH changes, can meet the ideal requirements for an effective
wound dressing, promoting wound healing and offering a strategic approach to infection control
(Koohzad and Asoodeh, 2023). These advancements emphasise the critical role of bioresponsive
dressings in the evolution of wound care, providing a more nuanced and effective treatment
approach. Using the capability to dynamically adjust to the biochemical milieu of wounds, these
innovative dressings aim to enhance healing outcomes, offering a promising avenue for

personalised and efficient wound management.

2.6.6 Personalised wound care

The progression towards personalised wound care represents a significant evolution in the
treatment of injuries, particularly through the lens of pH sensitivity. The focus is now on developing
bespoke solutions that cater to the unique requirements of each patient's wound. This
personalised approach leverages advanced diagnostics and algorithms to analyse specific wound
conditions, including pH levels, enabling healthcare providers to recommend the most suitable
dressing type and treatment regimen. The move towards such customised care aims to enhance
healing outcomes by accounting for the distinct characteristics of each wound and patient. It
signifies a departure from the one-size-fits-all methodology, embracing a more nuanced
understanding of wound management that could lead to shorter healing times and improved patient
guality of life. Recent research underscores the importance of integrating diagnostic tools and
algorithms with pH-modified dressings to achieve these tailored treatment plans (Percival et al.,
2014; Wang et al., 2022).

2.6.7 Current innovations in material science

Focusing on the properties of novel materials, researchers are creating dressings that can actively
contribute to the healing process, offering tailored responses to the unique conditions of each
wound. As these technologies continue to evolve, they hold the potential to revolutionize
wound management, making treatments more effective and personalised to the needs of individual

patients.

The integration of wearable technologies and sensors into wound dressings is transforming the
landscape of patient care by enabling continuous and non-invasive monitoring of critical wound
parameters, including pH levels. This shift towards smart wound care solutions facilitates real-time

tracking of the healing process, providing valuable insights that can guide treatment decisions.

Recent studies highlight significant advancements in the development of smart wound dressings

equipped with sensors, heralding a new era in personalised wound management. Peng et al.
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describe wearable sensors that enable the real-time monitoring of wounds by assessing
physiological conditions like pH levels, offering insights that can prompt timely adjustments in
wound care (Peng L et al., 2024). Wang et al. further emphasize the evolution of intelligent
dressings capable of continuous pH monitoring, marking a shift towards dressings that not only
monitor but actively contribute to the healing process. Additionally, Wang et al introduce a novel
approach with an integrated bilayer microneedle dressing and triboelectric nanogenerator,
providing a multifaceted platform for the efficient management of infected wounds (Wang et al.,
2024).

Yu et al. present the e-Bandage, using smartphone technology for therapeutic intervention,
thereby enhancing treatment efficacy through integrated sensing and actuation capabilities. These
breakthroughs highlight the potential of integrating wearable technologies and sensors into wound
dressings, enabling continuous, non-invasive monitoring that drives personalised, effective
treatment plans, and represents a significant leap forward in the pursuit of precision medicine in

wound management (Yu et al., 2024).

2.6.8 Potential digital health solutions for enhanced care

The fusion of artificial intelligence (Al) with digital health solutions, particularly in the realm of burn
wound care, signifies a monumental shift towards more personalised and efficient treatment
methodologies. This integration powers the capabilities of Al to enhance the selection and

monitoring of pH-modified dressings, tailoring wound care to the unique needs of each patient.

Research, such as the systematic review by Anisuzzaman et al., illuminates the role of Al in
accurately classifying burn wounds through image analysis, a step critical in choosing the correct
dressing type (Anisuzzaman et al., 2022). Similarly, the application of machine learning in
evaluating burn wounds, as explored by Huang et al., allows for the analysis of data derived from
dressings, thereby facilitating the adaptation of treatment plans based on the wound's healing

trajectory (Huang et al., 2021).

The dawn of Al applications for remote wound management, demonstrated by the study
conducted by Barakat-Johnson et al., introduces a new era of wound care where wearable
sensors integrated with pH-modified dressings enable continuous monitoring and assessment.
This technology promises to bridge the gap between patients and healthcare providers, offering

real-time insights into the healing process (Barakat-Johnson et al., 2022).

Cirillo et al. have shown how deep learning can be employed to predict burn depth accurately,
further refining the selection process for wound dressings to optimise the healing environment
(Cirillo et al., 2019). Collectively, these advancements highlight the transformative potential of Al
and digital health in making burn wound care more responsive, effective, and tailored to the

individual circumstances of each patient, thereby improving treatment outcomes and enhancing
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patient engagement.

2.7 Future perspectives and conclusion

Recent research highlights the pivotal role of pH in optimizing burn wound care, introducing
innovative solutions like pH-modified dressings, smart technologies, and digital health platforms
that collectively aim to enhance treatment outcomes. Dynamic pH-responsive dressings, which
adjust to wound conditions to accelerate healing, alongside bioresponsive materials that release
therapeutic agents based on wound signals, represent significant strides towards creating a more

conducive healing environment.

Technological advancements have further transformed wound care through the development of
smart dressings and wearable sensors. These innovations, equipped with pH monitoring
capabilities, facilitate real-time wound assessment, enabling healthcare professionals to tailor
treatments to individual wound dynamics. This personalised approach aids in early complication

detection and intervention, potentially hastening the healing process.

Material science has also contributed to wound care advancements by introducing stimuli-
responsive and nano-structured materials into dressings. These innovations improve drug delivery
and antimicrobial properties, responding effectively to the wound environment and enhancing

dressing efficacy.

The integration of digital health solutions, utilising Al to analyse data from wearable sensors,
promises a future where treatment plans are highly personalised, improving patient engagement
and adherence to care protocols. However, challenges like cost, accessibility, data privacy, and
regulatory approvals remain barriers to widespread adoption.

In summary, the recent surge in research around the role of pH in burn wound care marks a
significant advancement in the field. Harnessing the potential of pH-modified dressings, smart
technologies, innovative materials, and digital health solutions, treatment is becoming increasingly
efficient and personalised. The successful navigation of existing challenges will be key to fully
leveraging these innovations in clinical settings, aiming for improved healing outcomes and

enhanced quality of life for burn patients.
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CHAPTER 3 DESIGN AND SYNTHESIS OF A HYDROGEL SYSTEM FOR THE TREATMENT
OF ACUTE BURN WOUNDS

3.1 Introduction

The burden of acute burn wounds on healthcare systems globally is profound, with South Africa
facing distinctive challenges that magnify the impact of these injuries on its healthcare
infrastructure. A study by Allorto et al. specifically addresses the healthcare burden of burn injuries
in the KwaZulu-Natal Province, South Africa, illustrating the significant strain placed on resources
due to the wide spectrum of injury severity managed within the provincial healthcare system
(Allorto et al., 2023). Economically, the repercussions of acute burn wounds are extensive,
encompassing not only the immediate costs of medical care but also long-term rehabilitation and
lost productivity. The financial implications for both the healthcare system and patients are
substantial, creating an urgent demand for cost-effective treatment options. A pertinent analysis
by Albertyn et al. sheds light on the economic strain burn injuries inflict on South African
healthcare, revealing a dire need for interventions that balance clinical efficacy with economic
sustainability (Albertyn et al., 2006).

The classification of burn wounds is a fundamental aspect of clinical assessment and directly
informs the therapeutic approach. Burns are primarily categorized by their depth into superficial
(first-degree), partial thickness (second-degree), and full thickness (third-degree), each presenting
distinct characteristics and healing challenges. Superficial burns affect only the epidermis, the
outermost layer of skin. Characterized by redness, pain, and slight swelling without blistering, these
burns typically heal within 5 to 7 days. Superficial burns are often treated with cooling, analgesia,
and minimal wound care, emphasizing the body's natural healing capabilities (Goodwin et al.,
2015).

Understanding the classification of burn wounds is crucial for clinicians to determine the most
appropriate treatment strategy. This categorisation not only impacts the choice of wound care
techniques but also influences decisions regarding the need for surgical intervention,
rehabilitation, and long-term scar management. The depth of a burn wound affects healing time,
potential for infection, scarring, and the overall treatment plan, highlighting the importance of

accurate assessment and individualized patient care (Smolle et al., 2017).

In tackling the challenge of healing burn wounds, an innovative approach called scaffolds is
making significant strides in the fields of tissue engineering and regenerative medicine. These
scaffolds are specially designed structures that help repair and regenerate damaged tissue,

showing promise for more effective burn treatments (Jones et al., 2015). They possess three
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main qualities: they're biocompatible, meaning they work well within the human body without
causing harm; they're biodegradable, which means they can safely break down and be removed
by the body, avoiding the need for additional surgery; and they support the growth and
multiplication of cells, acting like the body's own scaffolding to aid in the formation of new tissue
(Negut et al., 2020)

One of the key breakthroughs with scaffolds is their ability to be loaded with bioactive molecules,
like growth factors and cytokines, that directly contribute to and speed up the healing process,
making the repair of burn wounds more efficient (Jones et al., 2015) t. This combination of structure
and biology in scaffolds represents a big leap forward in treating burn wounds. They offer
treatments that are not only faster but also produce results that look and function more like the
original skin, improving patient recovery significantly (Qin et al., 2022).

By creating a 3D environment that closely resembles the body's natural setting, scaffolds can
greatly enhance healing, lower the chance of infection, and improve the overall look and function
of the healed area for those recovering from burns. This shift in approach is setting a new standard
in burn care, paving the way for therapies that could greatly reduce the impact of burn injuries on

patients and healthcare systems alike (Negut et al., 2020).

This progress in medical science not only highlights the potential of tissue engineering but also
emphasizes a commitment to advancing care for burn victims through innovative research and
development (Ndlovu et al., 2021; Negut et al., 2020; Qin et al., 2022; Singh et al., 2023).

This study focuses on the development of an innovative wound dressing system incorporating TA
into a CMC-gelatin matrix, which is further crosslinked with vanillin to enhance its therapeutic
efficacy for burn wound healing. The designed scaffold aims to leverage the natural properties of
its constituents to achieve optimal wound recovery outcomes. Tannic acid, known for its potent
antioxidant and antimicrobial activities, plays a crucial role in preventing infection at the wound
site and accelerating the healing process (Aelenei et al., 2009). The CMC component contributes
to the scaffold's biocompatibility and biodegradability, ensuring that the dressing can be absorbed
or easily removed from the wound without causing further damage or discomfort to the patient
(Nabipour et al., 2024).

Furthermore, the gelatin in the matrix supports tissue regeneration by promoting cell attachment
and proliferation, essential for effective wound repair (Ndlovu et al., 2021). The crosslinking with
gelatin not only enhances the mechanical stability of the scaffold but also ensures its integrity over
extended periods, reducing the need for frequent dressing changes and thereby improving patient

compliance. The degradation of the scaffold post-application facilitates easy cleaning of the burn
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wound area, further contributing to patient comfort and compliance with the treatment regimen.

This innovative wound dressing system, therefore, holds promise for significantly improving burn
wound care by integrating the therapeutic benefits of tannic acid with the structural and functional
advantages of a carboxymethylcellulose-gelatin matrix (Aelenei et al., 2009; Ke et al., 2023; Liu et
al., 2024; Mndlovu et al., 2023; Ndlovu et al., 2021; Szabo et al., 2023).

3.2 Materials and Methodologies

3.2.1 Materials

The following materials: Carboxymethylcellulose (CMC), Tannic Acid (TA), Vanillin, Gelatin,
Ethanol (99%), PBS, MTT reagent, Dimethylsulfoxide (DMSO), DMEM High Glucose, PenStrep
antibiotics, and Lysozyme were purchased from Sigma—Aldrich (St. Louis, MO, USA). The NIH
3T3 cells were purchased from SEPARATIONS (Johannesburg, South Africa).

3.2.2 Synthesis of tannic acid loaded scaffold

The preparation involved dissolving tannic acid, gelatin, and CMC in distilled water under different
conditions to ensure complete solubilization (Figure 3.1a). 2% TA was dissolved in deionised
water at constant stirring (30 rpm for 30 minutes). Carboxymethyl cellulose (CMC) was dissolved
in deionised water at constant stirring (30 rpm for 30 minutes) at a below 0 °C temperature. Gelatin
was dissolved in deionised water at constant stirring (30 rpm for 30 minutes) at room temperature
(25 °C). A separate solution of vanillin was prepared in ethanol (Figure 3.1b) to prepare a 1 % Y/,
solution. The solutions of CMC, gelatin, and tannic acid were combined, and the reaction was
allowed to continue for 30 minutes constant stirring (30 rpm at room temperature). Subsequently,
vanillin solution was added gradually, and the reaction was permitted to proceed for an additional
30 minutes at 30 rpm constant stirring. This step ensures homogeneous mixing and proper
crosslinking of the components (Figure 3.1c) (Ndlovu et al., 2021). The final hydrogel solution
consists of the following proportions CMC (1 % W/v), gelatin (1 %W/v) and tannic acid (0,25 %
W/v). The formed solution was transferred to a petri dish and frozen for 24 hours at -80 °C before
being lyophilized for 24 hours (Figure 3.1d). Lyophilization was employed to remove excess water
while preserving the porous structure of the scaffold, crucial for maintaining its mechanical integrity

and enhancing its bioactivity (Ke et al., 2023).
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Figure 3-1 Synthesis of the scaffold from weighed amounts of CMC, gelatin, vanillin and tannic
acid

3.2.3 Chemical analysis of the starting materials and scaffold using FTIR

The FTIR was used in the current study to evaluate the impact of chemical interaction between
polymers (CMC and Gelatin), crosslinking with vanillin and to confirm that the drug was loaded to
the scaffold. The following samples were prepared and analysed with FTIR, CMC powder, gelatin
powder, vanillin, tannic acid, and the scaffold. The Perkin Elmer Spectrum 2000 FTIR
Spectrometer was employed, applying a single- reflection diamond MIRTGS detector (Perkin
Elmer Spectrum 100, Llantrisant, Wales, UK). Samples of the pristine polymers (CMC and gelatin),
crosslinking agent (vanillin), bioactive (TA), and the synthesised scaffold were placed on a
diamond crystal and each ran 64 times to minimise signal to noise ratio, in the wavelength range
of 4000 — 650 cm™. The FTIR spectrum of all the samples will have the intensity in the y-axis and
wavenumber on the x-axis. The FTIR spectrum will allow for analysis of the peaks for each starting
material and also peak shift due to the chemical interaction taking place during formation of the
scaffold.
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3.2.4 Thermal analysis of the scaffold and starting materials using Differential Scanning
Calorimetry (DSC)

Thermal analysis of the scaffold and starting materials using Differential Scanning Calorimetry
(DSC) was employed to evaluate the thermal properties and stability of the materials. This
technique helps identify thermal transitions like melting and crystallisation, assess the effects of
crosslinking on mechanical strength, and evaluate interactions between scaffold components such
as CMC, gelatin, tannic acid, and vanillin. Comparative DSC analyses were performed on the
scaffold, starting polymers and bioactive (TA). Data was collected using the Mettler Toledo, DSC,
STARe System, (Swchwerzenback, ZH, Switzerland system), heated from 20-400 °C, at a heating
rate of 10 °C/minute under a constant flow of N2 gas, resulting in thermograms of heat flow versus
temperature. Accurately weighed samples (+ 5 mg) were placed into a covered aluminium sample
holder containing a central pin hole. DSC curves were plotted as heat flow against temperature.
DSC analysis of all samples ensures the scaffold maintains structural integrity under physiological
conditions, predicts stability during storage, and verifies functional performance in retaining

moisture and providing thermal insulation, crucial for effective burn wound healing.

3.2.5 Morphological analysis of the scaffold via SEM

Morphological analysis of the scaffold via Scanning Electron Microscopy (SEM) was used to
evaluate the surface characteristics and microstructural properties of the scaffold. SEM provides
high-resolution images that reveal detailed topography, composition, and other essential
properties at a micro to nanoscale level. The SEM (Phenom™ Scanning Electron Microscope, FEI
Company, OR, USA) was employed at a 15 kV voltage for the evaluation of the surface morphology
of the scaffolds. Before analysis, all formulations were mounted on aluminium stubs using a carbon
adhesive tape and samples were coated with carbon/gold-palladium in a 2:1 ratio. SEM analysis
helps in understanding the textural variations and pore structures, which are essential for
enhancing cell adhesion, nutrient transport, and overall tissue regeneration. The detailed images
obtained from SEM highlight the heterogeneous structures, rough surfaces, and layered
compositions that support cell infiltration and mechanical interlocking with the wound bed,

ensuring the scaffold acts as a conducive matrix for tissue formation and healing.

3.2.6 Mechanical analysis of the scaffold using Texture Analyser

Mechanical analysis of the scaffold using a Texture Analyser was conducted to assess its tensile
strength and compression properties, which are critical for ensuring the scaffold's structural
integrity and mechanical resilience. The mechanical characteristics of the scaffold, namely the
tensile strength, were evaluated through compression and tension tests using the Texture
Analyzer (TA.XT plus, Stable Microsystems, Surrey, UK). The scaffold was shaped into a

rectangle, and the surface area was computed. These evaluations were conducted at a strain of
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70 % at ambient temperature (25 °C). The maximum tensile strength was determined by identifying
the peak stress point on the stress-strain curve (Mndlovu et al., 2023). This analysis is essential
as the scaffold must endure the physical stresses encountered during the healing process and
support cellular activities such as adhesion, proliferation, and differentiation. Compression and
tension tests performed by the Texture Analyser provide detailed insights into the scaffold's
mechanical characteristics, confirming its suitability for maintaining form and function in burn

wound healing.

3.2.7 Invitro tannic acid release from the scaffold

Conducting the in vitro tannic acid release test from the scaffold is used for elucidating the release
kinetics of the therapeutic agent, thereby assessing the scaffold's potential efficacy in wound
healing applications. Lyophilized scaffold samples were weighed into the dialysis membrane
(snake skin dialysis tubing) (3.5KDa) followed by addition of 3 mL phosphate buffered saline (PBS)
(pH 7; 37 °C) and placed in the orbital shaker at 37 °C with mechanical stirring (30 rpm). The
dialysis membrane containing the scaffold was immersed in a PBS bath volume of 100 mL.
Aliquots (3 mL) were withdrawn at predetermined time points (0, 1, 2, 4, 8, 24, 48 and 96 hours)
from the release medium and replaced with an equivalent volume of fresh PBS to maintain the sink
condition. All measurements were conducted in triplicate. This analysis provides insights into the
temporal release profile of tannic acid, ensuring that the scaffold can deliver a controlled and
sustained release of the bioactive compound. Such controlled release is essential for maintaining
effective antimicrobial and anti-inflammatory activity, supporting continuous wound healing, and
reducing the frequency of dressing changes. Furthermore, the in vitro release test aids in

optimizing the formulation to achieve the desired therapeutic outcomes.

3.2.8 Invitro biodegradation of the scaffold and starting materials utilising Zeta Potential
Conducting in vitro biodegradation analysis of the scaffold and starting materials using Zeta
Potential was used to evaluate the stability and degradation characteristics of the scaffold. The
scaffold and the starting materials (tannic acid, CMC and gelatin) were weighed into glass polytop
vials. This was followed by pouring 5 mL of PBS containing 5 mg/mL lysozyme into the polytop
vial. 5mL of 0.1 M PBS at pH 7.4 was added to the samples and incubated further for 7 days at 37
°C with mechanical stirring (30 rpm). The degree of degradation was measured on days 0, 1, 2,
3, and 7. The zeta potential was determined at each time point using the Zeta sizer Nano-ZS
machine (Malvern Instruments, Worcestershire, United Kingdom). All data was expressed as
the mean value + standard deviation of triplicate samples. Zeta Potential measurements offer
insights into the surface charge and stability of the scaffold over time in a biological environment.
This data can assist in understanding the scaffold's interactions with surrounding tissues and

fluids, which can influence its effectiveness in wound healing applications. Tracking the Zeta
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Potential during degradation helps assess the scaffold's ability to maintain structural integrity while
gradually degrading to support tissue regeneration and healing.

3.2.9 In vitro cytotoxicity studies of the scaffold and starting materials utilising NIH 3T3
fibroblast cells

Conducting in vitro cytotoxicity studies of the scaffold and starting materials using NIH 3T3
fibroblast cells was critical for assessing the biocompatibility and safety of the materials. This
evaluation determines whether the scaffold and its components are non-toxic to living cells,
ensuring their suitability for medical applications. Utilising the NIH 3T3 cell line, a well-established
model for fibroblast cells, allows for the assessment of potential cytotoxic effects over various
concentrations and time points. The MTT assay measures cell viability based on metabolic activity,
providing quantitative data on the cytotoxicity of the materials.

The fibroblast cell line NIH 3T3 cells were used to investigate the cytotoxicity of the scaffold using
the (3- [4, 5-dimethylthiazol-2yl]-2, 5-diphenyl tetrazolium bromide (MTT) assay. NIH 3T3 cells
were grown in Dubelcco's modified eagle medium (DMEM) (Sigma-Aldrich, MO, USA)
supplemented with 10% FBS and 1% of the relevant antibiotics (Sigma-Aldrich, MO, USA) in an
incubator at 5 % CO.. Cells were seeded overnight followed by treatment of various concentrations
of the scaffold in cells containing 100 yl RPMI medium (1 x 10*cell mI™*) in a 96 well and incubated
for 24, 48 and 72 hours. Following incubation, the cell culture medium were aspirated and 10 L
of 2 mg/mL MTT solution was added to the cells, followed by a 2 to 4-hour incubation. To dissolve
the formed formazan crystals, 200 pL of DMSO was added per well, and the cells were incubated
further for 20 min in the dark at room temperature. Finally, absorbance was measured at 570 nm
using a Victor X3 Plate Reader (Perkin EImer MA, USA). All data was expressed as the mean value

+ standard deviation of triplicate samples.

Confirming that the scaffold does not induce significant cytotoxic effects is essential for its
application in wound healing, where maintaining healthy cell function and promoting tissue

regeneration are primary objectives.

3.3 Results and Discussion

3.3.1 Synthesis of the hydrogel scaffold

The scaffold was prepared using the method depicted in Figure 3.1. Tannic acid (TA) was selected
for its potent antimicrobial and antioxidant properties, which are crucial for preventing infections
and promoting healing in burn wounds. A concentration of 0.125 % Y/,, was chosen based on
studies demonstrating its effectiveness in enhancing wound healing and minimizing cytotoxicity

(Chen et al., 2019).
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Gelatin was chosen for its biocompatibility and ability to promote cell adhesion and proliferation,
essential for tissue regeneration. A concentration of 1% w/v was used, balancing mechanical
stability and bioactivity (Ndlovu et al., 2021).

Carboxymethylcellulose (CMC) was included for its ability to form hydrogels that mimic the natural
extracellular matrix, providing a moist environment conducive to wound healing. A concentration

of 1% W/,, was used to ensure optimal viscosity and scaffold formation (Rahman et al., 2021).

Vanillin was employed as a crosslinking agent due to its ability to enhance the mechanical
properties and stability of the hydrogel scaffold. It was dissolved in a 2% Y/,, ethanol solution to

facilitate its integration into the hydrogel matrix (Tomadoni et al., 2019).

Mixing the polymers thoroughly before adding the crosslinker ensures uniform distribution and
interaction between the components, which is essential for forming a stable and functional
scaffold. The use of vanillin as a crosslinker improves the scaffold’s mechanical properties, making
it more robust and durable, which is vital for its application as a wound dressing (Tomadoni et al.,
2019).

Lyophilization preserves the scaffold’s porous structure, which is important for promoting cell
infiltration and nutrient transport (Ke et al., 2023). It also ensures the stability and longevity of the
scaffold, making it suitable for long-term storage and use in wound healing applications.
Additionally, lyophilization is required for testing the mechanical and chemical properties of the
scaffold, ensuring that it meets the necessary criteria for effective wound healing applications
(Zhang et al., 2024).

3.3.2 Characterization of the synthesised scaffold and starting materials utilising FTIR
spectroscopy

Samples of CMC and gelatin polymers, along with the crosslinking agent vanillin and bioactive
molecule TA, were analysed using FTIR to verify the existence of functional groups within these
substances. The FTIR spectra of gelatin, CMC, vanillin, tannic acid, and the synthesised scaffold

are displayed in Figure 3.2.

FTIR analysis of gelatin identified key absorption peaks corresponding to its protein structure.
The Amide | band at approximately 1650 cm, related to C=0 stretching, signifies protein
secondary structures (a-helices, B-sheets), consistent with literature (Barth, 2007; Muyonga et

al., 2004). The Amide Il band around 1550 cm, due to N-H bending and C-N stretching, aligns
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with findings by Kong and Yu, reflecting gelatin's conformation (Kong and Yu, 2007). Additionally,
peaks in the 3070 - 2900 cm™ range indicate aliphatic chains, aligning with structural
characteristics in literature (Valcarcel et al., 2021). These findings validate gelatin's molecular

structure and FTIR spectroscopy's role in biomolecular analysis.

FTIR analysis of CMC revealed distinct absorption bands reflective of its molecular structure. A
broad peak around 3400 cm™ indicates O-H stretching due to significant hydrogen bonding, a
characteristic of polysaccharides. The appearance of bands around 1600 cm™ and precisely at
1620 cm™ highlights the presence of carboxylate (COO-) groups seen in Figure 3.3, indicative of
cellulose carboxymethylation as seen in literature (Abu Hassan et al., 2024) . Specific bands at
1424 cm™ and 1327 cm™ are associated with —CH, scissoring and —OH bending vibrations,
respectively, denoting the structural modifications due to carboxymethylation (Meas et al., 2024).
The band at 1070 cm™, corresponding to CH-O-CH: stretching, aligns with the structural
characteristics of CMC (Khalid et al., 2024).

In the FTIR analysis of vanillin, peaks in the 3441 - 3387 cm™ range indicate aromatic C-H
stretching, suggestive of an aromatic ring structure, a trait of phenolic compounds like vanillin. This
aligns with the structural analyses performed on bio-based materials incorporating vanillin (Zaidi et
al., 2024). A pronounced peak near 1700 cm™ is associated with C=0 stretching vibrations,
characteristic of the aldehyde group depicted in Figure 3.3 of vanillin (Fatoni et al., 2018). The
spectrum also shows peaks in the 1000 - 1300 cm region, consistent with stretching and bending
vibrations of the aldehyde group, reflecting aldehydic compounds' spectral characteristics
(Mohamed et al., 2024). A medium-intensity peak at 1026 cm™, indicative of O—CHsz group
stretching, signifies the methoxy functional group in vanillin, distinguishing it from other phenolic
compounds. Lastly, absorption peaks between 1427 - 1589 cm?, attributed to C=C-C stretching

vibrations, further confirm vanillin's aromatic nature (Sharma and Wazed Ali, 2024).

The spectral analysis of tannic acid reveals a distinct absorption band near 3400 cm™* depicted in
Figure 3.2, indicative of phenolic groups which can be seen in Figure 3.3, and a notable band
around 3300 cm, signalling the prevalence of hydroxyl (O-H) groups, thus emphasizing the rich
hydroxyl constitution inherent to tannins. A definitive peak observed near 1700 cm™* denotes C=0
stretching, signifying the incorporation of carbonyl groups within the ester or carboxylic acid
structures of tannic acid. The spectral domain between 1600-1400 cm, showcasing aromatic C-
C stretching vibrations, verifies the aromatic core of tannic acid. These FTIR spectral characteristics
resonate with recent research findings, highlighting the complex composition of tannic acid,
enriched with phenolic, hydroxyl, carbonyl, and aromatic elements (Wahyono et al., 2019; Xia et
al., 2015).
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The FTIR analysis of the scaffold, composed of TA, CMC, gelatin, and vanillin, provides significant
insights into its molecular structure, with implications for its application in treating burn wounds.
The broad absorption peak around 3600 cm™ indicates a prevalent hydrogen bonding, denoting a
substantial presence of hydroxyl groups from TA and CMC. This structural characteristic suggests
an enhanced mechanical stability and water retention capability of the scaffold, crucial for fostering

a moist healing environment (Fahaduddin and Bal, 2024).

A pronounced peak at 1700 cm™ reveals the presence of carbonyl groups, hinting at the aldehyde
functions from Vanillin and amide linkages within Gelatin. This peak's position might suggest
crosslinking between Vanillin and Gelatin, proposing a chemically integrated structure of the
scaffold, potentially influencing its degradation rate and mechanical properties, corroborating
research that underlines the importance of scaffold composition in tissue engineering (Huiwen et
al., 2024).

The presence of amide linkages in gelatin contributes to the scaffold's biocompatibility and
bioactivity substantiated by an N-H bending vibration at 1540 cm?, fostering an environment
conducive to cell adhesion and proliferation, aligning with findings on the critical role of amide

linkages in scaffold design (Gharahgheshlagh et al., 2024).

The C-O stretching vibrations around 1168 cm™ are attributable to ester or ether bonds in CMC
and phenolic ethers in TA, emphasize the scaffold's composite nature, enhancing its structural

complexity and functional versatility (Maghsoudi et al., 2024).

The unique peak within the fingerprint region at 1500 cm™ underscores the scaffold's distinctive
molecular architecture, essential for understanding its chemical interactions and biological
compatibility, supporting its utility in tissue engineering, particularly for burn wound applications
where healing facilitation, infection prevention, and tissue regeneration are paramount
(Fahaduddin and Bal, 2024).
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Figure 3-3 The chemical structures of the compounds used to synthesise the scaffold.
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3.3.3 Scaffold morphology assessment via SEM analysis

Scanning Electron Microscopy (SEM) is a powerful imaging technique widely used across various
scientific disciplines to obtain high-resolution images of sample surfaces. By focusing a beam of
electrons onto the sample surface, SEM generates detailed images that reveal the topography,
composition, and other critical properties of the material under examination (Pallares-Rusifiol et
al., 2023). This method is particularly valuable in materials science, biology, and medical research
due to its ability to provide insights into the microstructural characteristics of materials at a micro

to nanoscale level (Giorgi Filho et al., 2024).

Various microstructural characteristics were observed in the SEM image of the scaffold as seen
in Figure 3.4. The textural variations and pores, evident in Figure 3-4 A are indicative of structures
that can enhance cell adhesion and nutrient transport, which are critical factors in tissue
regeneration. These structures serve as a mesh network of polymeric layers for enhanced
bioadhesion and cell generation. These porous structures facilitate the exchange of gases and

nutrients, which are vital for cell survival and proliferation within the scaffold (He W et al., 2024).

Heterogeneous structures, rough and irregular surfaces, and layered compositions were also
observed in Figure 3-4 B, which are known to support cell infiltration, adhesion, and mechanical
interlocking with the wound bed (Cheng et al., 2024; Jalali et al., 2024). These features are
essential for integrating the scaffold with the surrounding tissue, ensuring that the scaffold not only
acts as a temporary matrix for tissue formation but also actively contributes to the healing process
by promoting the infiltration and growth of new tissue cells.

f synthesized scaffold after
successful lyophilisation. The scale for image A is 40 nm and for image B is 400 nm.
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3.3.4 Mechanical analysis of the synthesised scaffold using the Texture Analyser

In the context of acute burn wound healing, where the rapid restoration of skin integrity and
function is critical, the mechanical and architectural properties of the scaffold are crucial factors.
The scaffold's ability to support cell proliferation and differentiation, combined with its mechanical
synergy with innate skin, highlights its potential efficacy in therapeutic applications (Qin et al., 2022;
Spicer, 2020; Tseng et al., 2013; Zhao X et al., 2016). The mechanical properties of skin scaffolds,
such as tensile and compression strength, are critical for their function during the healing process.
The scaffold demonstrated a tensile strength of 0.04248 MPa and a compression strength of
0.063123 MPa. These values are vital as they ensure the scaffold can withstand physical stresses
and prevent tearing during wound contraction. Additionally, the stiffness and mechanical features
of the scaffold influence cellular behaviours, including adhesion, proliferation, and differentiation,

which are essential for effective wound healing (Nokoorani et al., 2021).

Comparing these properties with previous studies on chitosan/gelatin-based scaffolds reveals a
range of mechanical attributes. Tseng et al. reported an average tensile modulus of 0.0417 MPa
in the wet state, while Pezeshki-Modarres et al. found tensile strengths between 0.072 and 0.097
MPa (Pezeshki-Modaress et al., 2014, Tseng et al., 2013). These comparisons indicate that the
current scaffold’s mechanical properties are within a similar range, suggesting it has adequate
mechanical robustness to maintain structural integrity in a dynamic healing environment (O’Brien
et al., 2004).

The unique combination of CMC and gelatin in the scaffold plays a significant role in its
performance. CMC contributes to high tensile strength, ensuring the scaffold remains intact and
supports cellular activities, whereas gelatin adds flexibility and moisture retention, crucial for
wound healing (Abu Hassan et al., 2024; Singh et al., 2023). This balance between strength and

flexibility is essential for the scaffold to function effectively in the healing process.

The scaffold's design features a porous structure with an interconnected pore network, which is
essential for nutrient diffusion and cell migration. This design mimics the natural extracellular
matrix of the skin, supporting biological requirements while maintaining mechanical compliance.
The scaffold’s ability to deform under mechanical loads without concentrating stress preserves its
integrity and function in a wound setting, making it a viable option for wound healing applications
(Zhang et al., 2024).

In the context of acute burn wound healing, the scaffold's mechanical and architectural properties
are crucial for rapid restoration of skin integrity and function. Its support for cell proliferation and

differentiation, combined with its mechanical compatibility with the skin, underscores its potential
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effectiveness in therapeutic applications. These findings highlight the importance of understanding
the mechanical properties of scaffolds to design more effective wound healing materials, ultimately
improving patient outcomes (Qin et al., 2022; Spicer, 2020; Tseng et al., 2013; Zhao X et al.,
2016).

3.3.5 Thermal analysis of the synthesised scaffold and starting materials using DSC
The DSC graph in Figure 3.5 for the scaffold composed of CMC, gelatin, and TA, crosslinked with

vanillin, provides critical insights into the thermal behaviour of materials intended for acute burn
wound healing applications. The exothermic peak of the scaffold as opposed to the pristine
polymers, suggests an energy release, indicative of the formation of a stable crosslinked network,
potentially improving the scaffold's mechanical strength and stability and essential for maintaining
the integrity of a wound dressing in the dynamic environment of a burn wound (Maiti et al., 2024).

The endothermic transition in gelatin is of particular relevance, as gelatin's melting point
corresponds to its sol-gel transition, which can influence the scaffold's ability to conform to the
wound bed, providing a protective barrier and supporting moist wound healing, a vital aspect of
burn wound treatment (Zhao X. et al., 2016). The inclusion of tannic acid, with its astringent and
antimicrobial properties, is also beneficial in burn wound applications, where infection prevention
is crucial (Westlake et al., 2023).

The crosslinking with vanillin not only enhances the thermal and mechanical properties of the
scaffold but may also contribute to its biocompatibility and bioactivity, making it an excellent
candidate for wound healing applications. Vanilin has been shown to improve the
physicochemical properties and antibacterial activities of CMC-based composites, which is highly
advantageous in the context of burn wound healing, where the risk of infection is high (Ke et al.,
2023). The thermal stability imparted by the hydrogen bonded crosslinking suggests that the
scaffold can maintain its structural integrity at body temperature and during storage, ensuring the

reliability of the dressing during the critical healing process (Alavarse et al., 2022).

Given the scaffold's composite nature and thermal properties, it can be deduced that it has the
potential to create an optimal wound healing environment through moisture retention, thermal
insulation, and enhanced durability. These properties, alongside the bioactive components that
could provide antimicrobial protection and aid in tissue regeneration, are crucial for the effective

treatment of acute burn wounds.
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Figure 3-5 Differential Scanning Calorimetry thermograph for the synthesised scaffold, TA, CMC
and gelatin.

3.3.6 Spectrophotometric analysis undertaken to determine the A of TA and the
calibration curve

In the study, the maximum absorption wavelength (Amax) for tannic acid was determined to be
280.0 nm. Following the identification of Amax, @ calibration curve was constructed, as shown in
Figure 3.6. This curve validates the presence of a linear relationship between the concentration of
TA and its absorbance, evidenced by a correlation coefficient (R?) of 0.9977. Therefore, it can be
inferred that an increment in the concentration of Tannic Acid leads to a proportional increase in

its absorbance, a conclusion supported by literature (Aelenei et al., 2009).
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Figure 3-6 Calibration curve of tannic acid utilising maximum wavelength (Amax) of 280 nm.

3.3.7 Tannic acid release studies

The release profile of tannic acid from the scaffold exhibited a biphasic pattern as depicted in
Figure 3.7. The release pattern of tannic acid from the scaffold demonstrates a biphasic nature: a
crucial initial burst release at To-T1o followed by a sustained release phase at Tio- Tgo. The early,
rapid discharge of tannic acid ensures immediate antimicrobial activity at the wound site,
addressing the urgent therapeutic needs of acute burn wounds. This burst release mechanism is
aligned with the established need for high local concentrations of therapeutic agents in the early
phase of wound healing to combat microbial colonization and effectively manage inflammation
(Carvalho et al., 2024; Mekky et al., 2024).

This is supported by the work of Negut et al. who reported that scaffolds designed for burn wound
applications should release high initial doses of incorporated drugs to capitalise on the window of
opportunity for influencing the wound healing trajectory positively (Negut et al., 2020). The
subsequent sustained release maintains therapeutic levels of tannic acid, contributing to the
healing process over an extended period and emphasizing the scaffold's multifunctional utility in

wound care.
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Figure 3-7 Tannic acid release from the scaffold at stimulated conditions of normal physiological
pH (pH 7.4) Each point depicts mean + SD (n=3).

3.3.8 Investigation of the biodegradation of the synthesised scaffold and starting

materials utilising Zeta Potential

Rationale for using Zeta Potential as a measure of degradation

Zeta potential can be a useful indicator of surface stability and potential interactions within
biological systems, but it is not typically a direct measure of bulk degradation, especially for
complex structures like scaffolds intended for biomedical applications. The usual method of
assessing scaffold degradation (such as monitoring weight loss over time or changes in

mechanical properties) did not work due to the scaffold dissolving in water.

The composition of scaffolds significantly impacts their degradation rate, as evidenced by research

on biofunctionalized 3D-printed scaffolds made from a gelatin/sodium alginate/chitosan tri-

polymer complex. These scaffolds displayed rapid degradation when the gelatin content was high,

pointing towards the intricate relationship between material composition and scaffold longevity

(Singh et al., 2023). This highlights the potential role of zeta potential in measuring scaffold
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degradation, offering a window into the electrostatic interactions of the particle charge distribution,
in relation to the stability of inflamed pH parameters.

Degradation results of the synthesised scaffold and starting materials

The degradation behaviour of a scaffold is crucial due to the need for rapid healing, prevention of
infection, and promotion of tissue regeneration. The zeta potential observed for the scaffold and its
starting material has been depicted in Figure 3.8.

Gelatin, with its modest decrease in zeta potential as depicted on the graph, suggests a gradual
degradation which is beneficial in a burn wound scenario. This is due to gelatin-based scaffolds
providing a temporary extracellular matrix for cell migration and new tissue formation while slowly
degrading to make space for new tissue (Ndlovu et al., 2021). The controlled degradation profile
indicated by the literature and the results in Figure 3.8 aligns with the requirements for acute burn
wound healing, where a balance between scaffold stability and degradation is critical (Qin et al.,
2022)

The degradation of CMC within scaffolds represents a controlled and significant aspect of scaffold
performance for biomedical applications, as highlighted by a series of studies. Saxena et al.
highlighted the integration of CMC with other components in nano-biocomposite scaffolds,
emphasizing the utility of controlled degradation in applications such as tissue engineering
(Saxena et al., 2021). Reeves et al. demonstrated the synthesis of CMC- methacrylate hydrogel
cell scaffolds using photopolymerization crosslinking chemistry, which allows for the stabilisation
of CMC hydrogels with controllable degradation rate (Reeves et al., 2010). This suggests that the
crosslinking chemistry employed significantly influences CMC's stability and degradation within
the scaffold. Further exploring the utility of CMC, Hasan et al. tuned the degradation rate of nano-
biocomposite scaffolds to promote angiogenesis and vascularization, indicating the versatility of
CMC's degradation to meet specific biomedical needs(Hasan et al., 2018). The collective findings
from these studies highlight the importance of understanding the degradation of CMC, which is

influenced by environmental conditions and the scaffold’s composite materials.

The stability of tannic acid observed in the graph resonates with the study by Natarajan et al.,
where tannic acid cross-linked collagen scaffolds displayed controlled degradation suitable for
wound healing applications (Natarajan et al., 2013). The relative stability of tannic acid in the

scaffold suggests its role in providing structural integrity over the studied time frame.
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The overall gradual decrease in zeta potential, indicative of scaffold degradation, suggests that
the scaffold may maintain its structural integrity long enough to protect the burn wound during the
initial critical healing phases. The scaffold's stability in the face of enzymatic and hydrolytic
degradation is critical for creating a moist wound environment that can facilitate cell migration,

angiogenesis, and extracellular matrix formation, all of which are crucial for healing burns.

Considering the application of acute burn wounds, the scaffold composed of CMC, gelatin, TA and
vanillin present a promising composition. It offers a balance between maintaining a barrier to
infection and allowing cellular activities necessary for wound repair. The slow and controlled
degradation of gelatin and the stabilizing effects of tannic acid could potentially support a

conducive healing environment.
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Figure 3-8 The observation of the change in Zeta Potential of the synthesised scaffold and its
starting materials over a period of 7 days. Each point depicts mean £ SD (n=3).
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3.3.9 Evaluation of cytotoxicity of synthesised scaffold and starting materials utilising
NIH 3T3 fibroblast cells

In the examination of cell viability in response to scaffold materials, varying trends are evident
across different concentrations as seen in Figure 3.9. The cytotoxicity of the scaffold-treated cells

were categorised as following by Dahl et al in Table 3-1:

Table 3-1 Tabulation of rankings of cell viability (Dahl et al., 2006).

Non-cytotoxic Slightly cytotoxic Moderately Severely
cytotoxic cytotoxic
>90 % cell viability, 60 % — 90 % cell 30 % —59 % cell <30 % cell viability
viability viability

TA’s trend remains consistent; cell viability generally rises over time across all examined
concentrations. This observation may correlate with the reported antioxidative properties of tannic
acid, which can confer cytoprotection against oxidative stress-induced cellular damage. The
observable decrease in cell viability at the 48-hour interval at the highest concentration of tannic

acid indicates a potential cytotoxic threshold (Ma et al., 2020).

The cell response to CMC appears to vary, with the greatest concentration resulting in a reduction
in cell viability that does not resolve by 72 hours. This may be attributable to the altered
physicochemical environment induced by higher CMC concentrations which could negatively
impact cell viability. Gelatin, a staple in cell culture due to its biocompatibility and facilitation of cell
adhesion, consistently maintains high cell viability across all timeframes and concentrations.
However, a slight reduction in cell viability at the highest concentration at the 72-hour time point

may suggest a limitation in nutrient diffusion because of the gelatin matrix's density.

At subtoxic levels of the synthesised scaffold (0.625 pg/mL and 1.25 pg/mL), an increase in cell
viability is noted over the course of the assay, suggestive of an absence of cytotoxicity and a
potential promotion of cell proliferation. The maximum concentration tested (2.5 pug/mL), there is an
initial reduction in viability at the 48-hour mark, followed by a recovery by 72 hours. This pattern
may reflect a delayed adaptive response of the NIH 3T3 cells to higher concentrations of the

scaffold materials.
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Figure 3-9 MTT assay for evaluation of the effect of the synthesized scaffold, starting materials (CMC, TA and gelatin) on percentage cell viability of
NIH 3T3 mouse fibroblast cells. The cells treated with various concentrations of the materials and incubated for 24, 48 and 72 hours. Each
percentage cell viability point represents average + SD (n=3).
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Chapter 4 CONCLUSIONS AND RECOMMENDATIONS

4.1 Study Limitations

This study's primary limitations arise from the in vitro nature of the experiments, which may not
fully replicate the complex biological environment of actual burn wounds. The promising
properties of the hydrogel system, such as biocompatibility, biodegradability, and effective drug
release profiles, require validation through comprehensive in vivo studies and clinical trials to
confirm their efficacy and safety in real-world applications. Additionally, the scalability and cost-
effectiveness of producing the hydrogel system at an industrial level were not addressed, which
could pose challenges for widespread clinical use. The study focused exclusively on a single
type of hydrogel composition, leaving room for the exploration of other formulations that might
offer improved or complementary therapeutic benefits. Finally, the long-term stability and
storage conditions of the hydrogel were not extensively investigated, and these are critical

factors for its practical application in burn wound care.

4.2 Conclusion

This study has demonstrated the development and characterization of a novel tannic acid-
loaded hydrogel system, tailored for acute burn wound management. FTIR characterization
confirmed the integration of tannic acid, CMC, gelatin and vanillin into the scaffold matrix
system. DSC further confirmed the crosslinking and chemical reactions formed during the
synthesis of the scaffold. The scaffold was revealed to possess several key attributes essential
for its application in wound healing, including biocompatibility, favourable mechanical
properties, and effective tannic acid release profiles. The in-vitro studies on biodegradation and
cytotoxicity further demonstrated the safety of the scaffold, while also highlighting its potential
in promoting cellular proliferation and wound healing. These findings collectively position the
hydrogel system as a leap forward in the treatment of acute burn wounds, offering an alternative

to the current paradigms in wound dressing technologies.

4.3 Recommendations

Future research should focus on validating the efficacy and safety of the hydrogel system
through comprehensive in vivo studies and clinical trials. Advanced characterization is needed
to explore the scaffold’s long-term stability, in vivo biodegradation, and interactions with various
burn wound types. Exploring a wider array of bioactive agents, such as antimicrobial peptides
or growth factors, is recommended to enhance the scaffold’s healing capabilities. Personalizing

and customizing the hydrogel properties to align with individual patient needs or specific wound
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types could offer more precise and effective treatment options.

Assessing the economic and environmental impact of the hydrogel system is crucial for
ensuring its viability and sustainability. Integrating this system into existing burn care protocols

and exploring its synergy with other treatments is part of a holistic care strategy.

Research into the hydrogel's thermosensitivity and pH sensitivity presents an opportunity to
develop smart, responsive wound care solutions that adapt to the wound's changing
microenvironment, potentially enhancing the delivery and release of bioactive components,

improving healing efficiency, and mitigating infection risks.
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