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Abstract 

 

Chronic wound care treatment represents a substantial percentage of the medical expenses worldwide. Improving 

and developing novel wound care systems can potentially help to ease this problem. Antiseptics are an important 

tool regarding wound care, being capable of inhibiting bacterial growth at the wound site. Consequently, antiseptic 

loaded wound dressings constitute great candidates for wound care treatment.  

The goal of the present work was to investigate possible casein hydrogel dressings loaded with two antiseptic 

drugs, Octiset® or polyhexanide, suitable to treat chronic wounds. Casein was used due to its properties, making 

it a good candidate for biomedical applications. Hydrogels were prepared using two different caseins, a sodium 

salt one – formulation CS – and an acid one – formulation C. Samples were characterized, and sterile and 

non-sterile samples were compared to assess possible changes induced by the sterilization step.   

High values of swelling were obtained for both formulations. Degradation values were not significant, and SEM 

analysis revealed an irregular lacy surface for the non-sterile samples. Mechanical tests are compatible with an 

elastic material making it a good candidate for wound dressing applications. 

Regarding drug-release, the dressings were able to sustain a controlled drug-release for at least 48 h and revealed 

good antimicrobial properties against Staphylococcus aureus and Pseudomonas aeruginosa. Regarding 

biocompatibility tests, the hydrogels showed to be non-irritant, highly hemocompatible, and non-cytotoxic.  

Overall, sterilization did not compromise the material’s properties, and the hydrogels’ characterization leads to 

the conclusion that these formulations could possibly be appropriate to produce new wound dressings. 
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Resumo 

  

O tratamento de feridas crónicas representa uma percentagem substancial das despesas médicas globais. Melhorar 

e desenvolver novos sistemas de tratamento de feridas pode potencialmente ajudar a aliviar este problema. Os 

antissépticos são uma importante ferramenta no que diz respeito ao tratamento de feridas, sendo capazes de inibir 

o crescimento bacteriano no local da mesma. Consequentemente, pensos dérmicos carregados com antissépticos 

constituem excelentes candidatos para o tratamento de feridas. 

O objetivo do presente trabalho era o de investigar possíveis pensos de hidrogel de caseína carregados com 

antissépticos, Octiset® ou polihexanida, adequados para o tratamento de feridas crónicas. A caseína foi utilizada 

devido às suas propriedades, tornando-se uma boa candidata para aplicações biomédicas. Os hidrogéis foram 

preparados utilizando duas caseínas diferentes, uma de sal de sódio – formulação CS – e uma ácida – formulação 

C. As amostras foram caracterizadas, e amostras estéreis e não estéreis foram comparadas para avaliar possíveis 

alterações induzidas pela etapa de esterilização. 

Altos valores de intumescimento foram obtidos para os pensos de ambas formulações. Os valores de degradação 

não foram significativos e a análise SEM revelou uma superfície irregular e rendilhada para as amostras não 

estéreis. Os testes mecânicos são compatíveis com um material elástico, tornando-o um bom candidato para 

aplicação como penso dérmico. 

Relativamente à libertação de fármaco, os pensos foram capazes de sustentar uma libertação controlada de 

fármaco durante pelo menos 48 h e revelaram boas propriedades antimicrobianas contra Staphylococcus aureus e 

Pseudomonas aeruginosa. Em relação aos testes de biocompatibilidade, os hidrogéis mostraram-se não irritantes, 

altamente hemocompatíveis e não citotóxicos. 

No geral, a esterilização não comprometeu as propriedades dos materiais, e a caracterização dos mesmos leva a 

concluir que ambas as formulações são possivelmente adequadas para a produção de novos pensos dérmicos. 

 

 

 

 

 

 

Palavras-chave: Penso dérmico, caseína, hidrogel, antisséptico, libertação de fármaco. 
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Chapter 1  

 

Introduction 

 

 

1.1 Aim of the work  

Chronic wounds represent a challenge to wound care professionals and are responsible for the consumption of 

numerous healthcare resources around the globe. In Europe, wound treatment represents 2 % to 4 % of the medical 

expenses.  Additionally, the number of chronic wounds that require treatment has been increasing significantly, 

not only due to population ageing but also due to the increasing prevalence of diseases such as diabetes.   

Some of the wounds that result in more significant expenses for the health care system include diabetic foot ulcers, 

pressure ulcers and venous leg ulcers. Regardless of the type of wound, it must be protected from the external 

environment with a wound dressing (WD), ensuring that harmful bacteria do not enter the wound. The dressing 

must be adequate for patients with infected and/or dirty wounds. An ideal dressing should create a moist wound 

healing environment and absorb exudate since it cannot be retained in the dressing/wound interface. Dressings 

should absorb the exudate in a vertical position or be able to absorb the exudate while transposing it to a secondary 

dressing. Oxygen permeability is also an essential characteristic since most infected wounds have the presence of 

anaerobic bacteria, which are stimulated in an anaerobic environment. Finally, the WD should be removed easily, 

without any trauma to the skin.  

Wound dressings can be made from many different types of materials, being hydrogel dressings some of the most 

commonly used. A hydrogel comprises a network of crosslinked polymer chains. Their hydrophilic structure 

potentiates the absorption of large amounts of water in their three-dimensional networks. Due to their 

biocompatibility, mechanical properties, and ability to interact with soft biological tissues, they have been used in 

a vast range of biomedical applications, including wound dressings.  

Hydrogels can be loaded with drugs that, if released in a controlled way, may contribute to the healing process. 

The release profile will depend on the hydrogel's characteristics, such as the crosslinking degree, affinity to the 

drug, or hydrophilicity and will contribute to the healing process. Octenidine dihydrochloride (OD) and 

polyhexanide are antiseptics with a broad spectrum of effectiveness and represent an alternative to older substances 

such as chlorhexidine, povidone-iodine, or triclosan. These drugs have a negative effect on the growth of 

gram-positive and gram-negative bacteria and present a rapid onset of action that ensures protection from 

contamination as it is usually well tolerated by all types of skin and mucous membrane. They may be regarded as 

the agent of choice for acute infected wounds, and in appropriate concentrations, for chronic wounds since they 

do not interfere with the natural process of wound healing. While antibiotics encounter a dramatic increase in 
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resistance, limiting their therapeutic use, antiseptics, such as OD and polyhexanide, are highly unlikely to produce 

resistant pathogens.  

Therefore, the present work aims to develop antiseptic-eluting casein-based hydrogels for wound dressings. Casein 

presents numerous properties that make it a suitable candidate for biomedical applications. These properties 

include biocompatibility, lack of toxicity, and the presence of many functional groups susceptible to chemical 

modifications. Casein is also inexpensive and easy to obtain. The loading and release capacity of OD and 

polyhexanide onto/from the produced hydrogels were assessed. The properties of the material were studied, more 

specifically, the swelling capacity, the degradation profile and the mechanical behaviour of the different 

drug-loaded samples. In order to quantify the changes sterilization potentiated in the biomaterial, in drug release 

experiments and in the material properties, these tests were also made with sterilized samples. Antimicrobial tests 

were carried out to evaluate the capability of the materials to inhibit bacterial growth, and other biological tests, 

such as cytotoxicity, hemocompatibility and irritability assays were also carried out.   

 

1.2 Wounds 

Wounds can be defined as a break in the skin or in other body tissues that was caused by injury or by surgical 

incision. Wound healing consists of a dynamic process with four continuous, overlapping, and precisely 

programmed phases. Each phase must happen in a precise and regulated manner [1]. In adult humans, the optimal 

wound healing process involves the following events: rapid hemostasis, appropriate inflammation, proliferation, 

and maturation. The first phase of hemostasis begins immediately after wounding, where vascular constriction 

occurs and fibrin clot forms. The clot and surrounding wound tissue will then release pro-inflammatory cytokines 

and growth factors such as transforming growth factor (TGF)-β, platelet-derived growth factor (PDGF), fibroblast 

growth factor (FGF), and epidermal growth factor (EGF). Once the bleeding is controlled, inflammatory cells start 

migrating into the wound (chemotaxis) and promote the inflammatory phase, characterized by the sequential 

infiltration of neutrophils, macrophages, and lymphocytes [1]. The role of macrophages has been of increasing 

interest in coordinating the transition from inflammation to proliferation through the release of soluble mediators. 

In the proliferation phase, fibroblasts are the essential cells involved in the production of the extracellular matrix. 

In addition, besides producing collagen, they also produce tenascin, fibronectin, and proteoglycans such as 

hyaluronic acid. The combination of new tissue, as well as the contraction of surrounding tissues, is essential for 

the healing of ulcers. While a new matrix is synthesized, the existing matrix in and around the wound margin is 

degraded by several enzyme systems such as matrix metalloproteinases and plasminogen activators. Finally, once 

the closure of the wound has been achieved, remodelling of the resulting scar takes place over months or years, 

with a reduction of both cell content and blood flow in the scar tissue. This superficial description of wound healing 

conveys some of the complexity of this biological process and shows the potential for modification in patients 

with healing difficulties [2].  

One or more phases of this process can be interfered by many factors and consequently cause improper or impaired 

wound healing [1]. Figure 1 represents the four stages of wound healing.   
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Figure 1 - Fundamental interrelation of the wound healing phases: inflammation (blue), proliferation (green), and tissue 

remodelling (yellow). The inflammatory phase is thought to coordinate wound healing, but the true complexities of the 

process are not yet understood [2]. 

 

Depending on the healing time and necessity to consult a wound care specialist, which is directly dependent on 

the severity of a particular wound, wounds can be classified in several ways. People are most likely to suffer from 

different wound types throughout their life during day-to-day activities. A wound can be classified from simple to 

severe, depending on the cause, site, and depth [3]. 

Wounds can be closed or open. Open wounds are wounds with exposed underlying tissue/organs and open to the 

outside environment, for example, penetrating wounds. On the other hand, closed wounds occur without any 

exposure to the underlying tissue and organs [3]. 

A wound can also be classified as acute or chronic, and the classification depends on the healing time. Acute 

wounds heal in a predicted amount of time without any complications. However, chronic wounds are those that 

take a relatively long time to heal with some complications [3]. 

Open wounds may be of four main types, depending on their cause: abrasions, lacerations, punctures, and 

avulsions. An abrasion is present when the skin rubs or scrapes against a rough or hard surface; a road rash is an 

example of an abrasion. Usually, an abrasion will not cause a lot of bleeding, but the wound will need to be 

scrubbed and cleaned to avoid infection. A laceration can derive from a deep cut or tearing of the skin. Accidents 

with knives, tools, and machinery are the most frequent causes of lacerations. In the case of deep lacerations, 

bleeding is usually rapid and extensive. A puncture is classified as a small hole caused by a long, pointy object, 

for instance, a nail, needle, and sometimes, a bullet. Punctures may not bleed much. However, these wounds can 

be deep enough to damage internal organs. An avulsion includes a partial or complete tearing away of skin and 

the tissue beneath. Avulsions are usually associated with violent accidents, such as body-crushing accidents, 

explosions, and gunshots. They bleed heavily and rapidly [4]. 
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1.2.1 Chronic wounds  

Delayed acute wounds and chronic wounds exhibit impaired healing and generally cannot progress through the 

normal stages of healing. Those wounds typically enter a state of pathologic inflammation due to a postponed, 

incomplete, or sometimes uncoordinated healing process. Most chronic wounds are ulcers associated with diabetes 

mellitus, ischemia, venous stasis disease, or pressure. Non-healing wounds, such as ulcers, affect about 3 to 6 

million people in the United States, and people 65 years and older account for 85 % of these events [1]. 

Chronic wounds are a big challenge to wound care professionals. In order to increase the chance for more 

successful healing, it is essential to understand the underlying pathophysiology and pay specific attention to the 

management of those perturbations [5]. 

Many factors can impair wound healing in chronic wounds. Some local factors include the presence of foreign 

bodies, ischemia, tissue maceration, and infection. Systemic factors such as advanced age, malnutrition, diabetes, 

and renal disease may be important. It is essential to quantify the impact of disease states on healing and then 

target specific treatments to correct the abnormality in individual patients. Although good clinical practice should 

aim to remove or reduce the impact of these factors, it is not always possible to do so. In addition to local and 

systemic factors that impair healing, the reduction in tissue growth factors, an imbalance between proteolytic 

enzymes and their inhibitors, and the presence of senescent cells are significant in chronic wounds [2]. 

The presence of reduced levels of active growth factors in the wound environment might in some way elucidate 

why some wounds fail to heal correctly. Chronic wounds are known to have reduced levels of platelet-derived 

growth factor, basic fibroblast growth factor, epidermal growth factor, and transforming growth factor β when 

compared with acute wounds [6]. It has been suggested that these growth factors may become imprisoned by the 

extracellular matrix molecules or may be degraded by proteases to an excessive degree, resulting in a non-healing 

environment [7]. 

Excessive proteinase activity in chronic wounds, probably due to an overexpression of matrix metalloproteins, 

results in abnormal degradation of the extracellular matrix. Many new treatment strategies are focused on 

modifying the imbalance by topically applicating proteinase inhibitors, by inducing the expression of endogenous 

inhibitors, or by combining proteinase inhibitors with growth factors [7]. 

Dermal fibroblasts have an age-related decrease in proliferation potential, named senescence. Fibroblasts in 

chronic wounds have impaired responsiveness to growth hormone, which may be due to an increased number of 

senescent cells [8] [9]. 

Ulcers are the most common type of chronic wound, and there are several types of chronic ulcers. These include 

diabetic foot ulcers, pressure ulcers, and venous leg ulcers [10]. In figure 2, the flow diagram of chronic wound 

management is presented.  
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Figure 2 - Flow diagram of chronic wound management [10]. 

 

Skin lesions identified as chronic wounds are initially classified into three broad categories (grey boxes). They 

include venous leg ulcers (VLUs), diabetic foot ulcers (DFUs), or pressure ulcers (PUs). Chronic wounds are then 

separated into subcategories based on their suspected aetiology (blue boxes). All wounds are initially assumed to 

be "easy" to treat and receive the appropriate treatment such as "offloading", antibiotics, or surgery. Subsequently, 

if, for some reason, healing fails, wounds receive progressively more aggressive treatment, including debridement 

and biological intervention. If all other treatments fail, the final resort is to amputate the affected appendage or 

limb [10]. 

 

1.2.1.1 Diabetic foot ulcers 

Diabetes can lead to complications in the lower extremities of the body, which are common, complex, and costly. 

Foot ulceration is the most frequently recognized complication [11]. Among patients suffering from diabetes, 2 % 

to 3 % will develop a foot ulcer each year, and approximately 15 % will develop a foot ulcer during their lifetime. 

Foot ulcers are cutaneous erosions where a loss of epithelium extends into or through the dermis to deeper tissues. 

Minor trauma, frequently footwear-related, has been reported as the most common event leading to lower 

extremity ulcers and subsequent amputation [12]. 
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The majority of the patients with diabetes who develop foot ulcers have clinically significant peripheral 

neuropathy. In fact, the leading factors associated with the formation of foot ulcers include sequelae related to 

sensory, autonomic, and motor neuropathies [11]. 

Motor neuropathy leads to muscle weakness, atrophy, and paresis. The foot's architecture can become deformed 

by an imbalance of its intrinsic muscles. These changes lead to the characteristic "intrinsic minus" foot, with claw 

and hammertoe deformities resulting from the flexor muscles dominating over the extensors. Sensory neuropathy 

will potentiate the loss of protective sensation to pain, pressure, and heat. Consequently, repetitive minor traumas 

are often not identified by the patient, and sometimes even major damage goes unnoticed. Sensory neuropathy also 

results in loss of proprioception which is the ability to recognize the position of one's feet and knowing where they 

are when they touch the ground. Autonomic neuropathy is also related to the formation of foot ulcers. Impairment 

of autonomic sudomotor function is responsible for the characteristic dry foot of the patient with neuropathy, and 

this may well contribute to the formation of the typical callus, which develops at the site of high mechanical 

stress [13]. Figure 3 illustrates the common pathway of diabetic foot ulcer occurrence and recurrence.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 - Common pathway of diabetic foot ulcer occurrence and recurrence [11]. 
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Patients with diabetes often have feet calluses and, therefore, are more predisposed to skin ulceration. Increased 

vertical and shear stresses along with dry skin are believed to foster callus formation. Additionally, the repetitive 

trauma of walking leads to augmented pressure on the areas of greatest weight-bearing, such as the metatarsal 

heads and heels. This event seems partially related to the gradual thinning of the fat pads and muscles that generally 

cushion the metatarsal heads. Patients with diabetes also have compromised ankle dorsiflexion, instigated in part 

by a decrease in the range of motion of the subtalar joint. Consequently, early lifting of the heels in the gait cycle 

occurs, resulting in premature loading of the forefoot and an increased duration of pressure. These and other 

structural defects lead to a progressive alteration of weight-bearing that increases pressure on the foot soles both 

in static stance and during the contact phase of gait. The risk of foot ulceration is proportional to the product of 

pressure and time, and peak foot pressures in patients with diabetes can be significantly higher than those in 

nondiabetic individuals. Thus, unperceived, abnormally high pressure for a short time (such as a rock in the shoe) 

or low pressure for a longer time (such as a poorly fitting shoe) can cause a break in the skin and lead to the 

development of an ulcer [14]. 

The healing incidence of foot ulcers is around 60 % to 80 %, but 10 % to 15 % remain active. Up to 5 % to 24 % 

of the cases lead to limb amputation, making up 40 % to 70 % of all nontraumatic amputations of the lower 

limbs [15]. 

Not all diabetic foot wounds become infected. However, when an infection occurs, the patient's limb, and 

sometimes life, can be at risk. While all open wounds are colonized with microorganisms, virulent pathogens (such 

as Staphylococcus aureus) can sometimes be colonizers or contaminants. Thus, an infection cannot usually be 

defined microbiologically. The commonly accepted clinical definition of infection is the "presence of purulent 

secretions or at least two signs or symptoms of inflammation (erythema, warmth, tenderness, pain, 

induration)" [16].  

Similarly to acute wounds, it is already well established that, to enhance diabetic foot ulcers healing processes, 

wounds should be dressed with adequate biomaterials protecting the long-term healing from any contamination or 

infection. They should also prevent wound dissection (providing an ideal moist environment to help wound 

closure) and, in the case of medicated dressings, offer a sustained and effective release of the applied bioactive 

substances while preventing their rapid degradation during the healing process. DFUs embody a current and 

essential challenge in developing novel and efficient WDs. Overall, an ideal wound dressing should provide a 

moist wound environment while protecting the wound from secondary infections, remove exudate and promote 

tissue regeneration. Yet, there is no existing dressing that fulfils all the requirements associated with diabetic foot 

ulcer treatment. The choice of the correct dressing is directly related to the wound type and stage, injury extension, 

patient condition, and the tissues involved. Different types of commercially available wound dressings that can be 

used for DFU treatment exist. These dressings differ in their application modes, materials, shape, and on the 

methods employed for production [17]. 

It is essential to point out that, even after the resolution of a foot ulcer, recurrence is common. It is estimated that 

roughly 40 % of patients have a recurrence within one year after ulcer healing, almost 60 % within three years, 

and 65 % within five years. Therefore, it may be more helpful to think of patients who have achieved wound 

closure as being in remission rather than being healed. The concept of remission may also provide a better 

framework for allocating resources, organizing care, and communicating information about risk [11]. 



8 

 

1.2.1.2 Pressure ulcers 

Pressure ulcers (PUs) have for long been recognized as a disease entity. Pressure ulcers are also known as bedsores, 

decubitus ulcers, or pressure sores, and they can also be referred to as pressure necrosis or ischemic ulcers. The 

term pressure ulcer has been defined as "an area of unrelieved pressure usually over a bony prominence leading to 

ischemia, cell death, and tissue necrosis". This definition was later refined by the National Pressure Ulcer Advisory 

Panel (NPUAP) and European Pressure Ulcer Advisory Panel (EPUAP) as "localized injury to the skin and/or 

underlying tissue usually over a bony prominence as a result of pressure, or pressure in combination with shear 

and/or friction" [18]. 

The incidence of pressure ulcers differs according to each clinical setting. In spinal cord injury patients, pressure 

ulcer occurs in 30 % to 85 % of patients during the first month of injury. Also, paraplegics and quadriplegics are 

likely to have multiple pressure ulcers [19]. The probability of developing PUs increases for people who are 

confined to a bed. Pressure ulcers may affect any part of the body which is placed under pressure. They are most 

common on bony parts of the body, such as the heels, elbows, hips, and base of the spine (figure 4). PUs are 

commonly associated with pressure by direct occlusion of blood vessels, by tangential tension due to blood flow 

exclusion or by damage to the microcirculation by pressure forces. Their development is often gradual but can 

sometimes develop in a few hours. It is also important to point out that PUs depend on the intensity of the exerted 

pressure, the duration associated with that pressure, the direction of the pressure forces, and the intrinsic factors 

related to the patient. The early symptoms of a pressure ulcer include parts of the skin becoming discoloured. 

Pale-skinned individuals usually get red patches, while people with darker skin tend to get purple or blue patches. 

Other common symptoms are the "presence of discoloured patches not turning white when pressed, a patch of skin 

that feels warm, spongy, or hard pain or itchiness in the affected area". These symptoms are often related to a 

category one pressure ulcer. A break in the skin can occur if the pressure in the area increases, leading to an open 

wound or blister which are classified as category two pressure ulcers. More serious pressure ulcers are category 

three PUs consisting of a deep wound that reaches the deeper layers of the skin, and category four PUs, which are 

very deep wounds that may reach the muscle and bone [20]. 

 

 

 

 

 

Figure 4 - Pressure ulcer common areas [21]. 

 

Treatments for pressure ulcers depend on their severity. For some patients, they are merely an inconvenience that 

needs primary nursing care. While for others, they can be severe and cause life-threatening complications, such as 

blood poisoning. Ways to prevent pressure ulcers from getting worse and help them heal include: applying 

dressings that can help relieve pressure and speed up the healing process; moving and regularly changing your 
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position; assuring the constant flow of air by using specially designed static foam mattresses or cushions; 

maintaining a balanced and healthy diet; a procedure to clean the wound and extract damaged tissue (debridement). 

In most serious cases, surgery can be performed to remove damaged tissue and close the wound. Specially designed 

dressings, such as hydrogel dressings, can be used to protect pressure ulcers and speed up the healing process. It 

is essential to point out that gauze dressings are not recommended for either preventing or treating pressure 

ulcers [20]. 

 

1.2.1.3 Venous leg ulcers 

Leg ulcers are an important issue for both patients and health service resources. The majority of ulcers can be 

related to venous disease, while other causes or contributing factors include immobility, obesity, trauma, arterial 

disease, vasculitis, diabetes, and neoplasia [22]. Surgeries on the legs, such as a hip replacement or knee 

replacement, can also be associated with the occurrence of leg ulcers. Individuals with swollen and enlarged veins 

(varicose veins) also have a higher risk of developing venous leg ulcers (VLUs) [23]. 

A venous leg ulcer is the most common type of leg ulcer, accounting for more than 90 % of all cases, and studies 

have reported that up to 3 % of the adult population worldwide is affected by VLUs, with some patients 

experiencing a repeated cycle of ulceration, healing, and recurrence [24]. When an issue with the circulation of 

blood in the leg veins occurs, a VLU may develop after a minor injury, leading to an increase in the pressure inside 

the veins. The constant high pressure can gradually damage the small blood vessels in the skin and make it fragile. 

Consequently, the skin can easily break, and an ulcer can be formed after a knock or scratch. The stages of 

development of a venous leg ulcer are represented in figure 5. Treatment is necessary to improve the circulation 

in the legs, and if not adequately treated, the ulcer may not heal [23]. 

 

Figure 5 - Stages of development of venous leg ulcers [25]. 
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When correctly treated, most venous leg ulcers heal within 3 to 4 months. Treatment should always be performed 

by a healthcare professional trained in compression therapy for leg ulcers. Firstly, it is important to remove any 

debris or dead tissue from the ulcer, and then an appropriate dressing should be applied. This will offer the best 

conditions for the wound to heal. A simple non-sticky dressing can be used to dress the ulcer. A firm compression 

bandage should be applied over the affected leg to improve vein circulation in the legs and treat swelling. These 

bandages are designed to squeeze the legs while encouraging the blood to flow upwards towards the heart. Many 

different types of bandages or elastic stockings exist and are used to treat venous leg ulcers, and they may be made 

in 2, 3, or 4 different layers. Compression bandaging is a specialized technique that can only be performed by 

qualified healthcare workers. The bandage must be changed once a week when the dressing is changed [23]. 

 

1.3 Wound treatment  

Wound healing is the physiological mechanism by which the body replaces and restores function to damaged 

tissue. It is a complex sequence of events that are interconnected and dependent on one another [26]. Regarding 

wound treatment, minor or acute wounds may not require medical treatment, and people can treat these types of 

wounds at home. On the other hand, severe open wounds involving significant bleeding will require immediate 

medical attention. Open wound care should involve the following steps: stopping the bleeding by using a clean 

cloth or bandage and gently applying pressure to the wound to promote blood clotting; cleaning the wound with 

clean water or a saline solution to eliminate any debris or bacteria; treating the wound with antiseptics or antibiotics 

to prevent further infections; closing the wound with an appropriate dressing and routinely change the 

dressing [27]. 

The acute wound-healing model has been applied to chronic wounds in the past. However, it is now known that 

chronic wound healing is different from acute wound healing. Chronic wounds become "trapped" in the 

inflammatory and proliferative phases of healing which delays healing. The epidermis fails to migrate across the 

wound tissue, and there is hyperproliferation at the wound margins, which interferes with normal cellular migration 

over the wound bed [28]. There appears to be an over-production of matrix molecules resulting from underlying 

cellular dysfunction and dysregulation. Additionally, in chronic wounds, fibrinogen and fibrin are also common. 

These and other macromolecules are thought to scavenge growth factors and other molecules involved in wound 

repair. So, while there may be many growth factors within the wound, these can become trapped and therefore 

unavailable to the wound repair process. Chronic wound fluid is also biochemically distinct from acute wound 

fluid. It slows down or even blocks the proliferation of cells, such as keratinocytes, fibroblasts, and endothelial 

cells, which are essential for the wound-healing process [27]. 

Once the underlying disease that contributed to the occurrence of the chronic wound has been addressed, wound 

bed preparation is a critical concept in the treatment of chronic wounds. In order to optimize wound healing, the 

wound must be clean, with a healthy granulating base, and be free of infection. The choice of the correct dressing 

should be made according to the capacity of the material to keep the wound moist but not too wet or too dry. 

Advanced technologies can be considered if the wound fails to heal after addressing these issues. Tissue, infection, 
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moisture imbalance, and edge advancement (TIME), which addresses important barriers to wound healing, was 

developed in 2002 by a wound care consensus group [28][29].  

TIME is an acronym in which "T" stands for tissue that is non-viable or deficient, "I" for infection/inflammation, 

"M" for moisture imbalance, which must be corrected, and "E" for the edge which is not advancing across the 

wound bed. Figure 6 represents the TIME table. This table has been designed to help the wound care practitioner 

make a systematic interpretation of the observable characteristics of a wound and decide on the most appropriate 

intervention. The clinical signs of a non-healing wound are listed in the first column. Growth factors, senescent 

cells, and fibroblasts cannot be seen with the naked eye. For that reason, the clinician needs clear, visible signs 

that can be assessed at the bedside. The proposed pathophysiology of that clinical observation is highlighted in the 

second column. Columns three and four suggest the clinical actions that need to be taken and the effects of these 

actions. The final column is for clinical outcomes, which are objective and measurable [26]. 

 

Figure 6 - The TIME principles of wound bed preparation (WBP) [26]. 

 

1.3.1 Drugs  

Antimicrobial wound treatment is a significant challenge requiring novel approaches to tackle microorganism 

growth in the wound bed. Antiseptic use is the method of choice for inhibiting microorganisms in wounds because 

systemic antibiotics can barely penetrate wound biofilms, and locally applied ones can potentiate sensitization. 

Additionally, local administration of antibiotics is related to the formation of resistant bacterial strains [30]. 
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1.3.1.1 Chlorhexidine 

Chlorhexidine (CHX) (figure 7) is a well-known antiseptic. CHX has a wide range of uses that go from use in oral 

hygiene to preoperative surgical preparation and the prevention of hospital-acquired infections caused by 

multidrug-resistant bacteria [31].  

 

 

 

 

 

Figure 7 - Chemical structure of chlorhexidine [32]. 

 

At physiological pH, CHX exists as a cationic form that binds to the negatively charged bacterial cell wall, causing 

the bacterial cell's osmotic balance to be disturbed and, consequently, leading to leakage of cytoplasmic contents. 

Due to its insolubility in water, commercial chlorhexidine for clinical use is commonly compounded with gluconic 

acid to produce water-soluble salts [33]. 

Chlorhexidine is effective against a vast range of Gram-positive bacteria, including Staphylococcus aureus 

(including methicillin-resistant Staphylococcus aureus (MRSA)) and coagulase-negative Staphylococcus. It also 

has an effect against Gram-negative bacteria, fungi, and mycobacteria, though to a lesser amount. It's not 

sporicidal, but it's sporostatic [33].  

 

1.3.1.2 Povidone-iodine 

Povidone-iodine (figure 8) is a microbicidal solution that contains a water-soluble iodine and polyvinylpyrrolidone 

(PVP) combination. Iodination of lipids and oxidation of cytoplasmic and membrane components kill eukaryotic 

and prokaryotic cells when free iodine is slowly freed from the polyvinylpyrrolidone iodine (PVPI) complex in 

solution. Microbicidal efficacy against bacteria, fungi, protozoa, and viruses is exhibited. Iodine toxicity in 

mammalian cells is reduced by the slow release of iodine from the PVPI complex in solution [34]. 

 

 

 

 

Figure 8 - Chemical structure of povidone-iodine [34]. 
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Povidone-iodine is most typically used as a skin antiseptic (e.g., Betadine), although it can also be used for the 

eyes and vagina in less intense versions. Prior to operation, surgeons use it to disinfect the skin. The 10% solution 

is the most common for skin disinfection, but it is also available in diluted concentrations as low as 0.3 % [35]. 

 

1.3.1.3 Octiset® 

Octiset® is an antiseptic solution. The solution's active ingredients – octenidine dihydrochloride (1 mg/mL) and 

2-phenoxyethanol (20 mg/mL) – have an antiseptic effect. Other ingredients are cocamidopropyl betaine, sodium 

gluconate, glycerol 85 %, sodium chloride, sodium hydroxide and purified water [36]. 

Octiset® is used for the short-term antiseptic preparation of mucous membranes and the surrounding skin before 

diagnostic and surgical procedures on reproductive or excretory organs, including the insertion of a urinary 

catheter; it is suitable for repeated use and for repeated short-term antiseptic treatment of superficial wounds and 

for facilitating the healing of the wound. The medicine can be used in all age groups [36][37]. 

 

1.3.1.3.1 Octenidine dihydrochloride 

Octenidine dihydrochloride (OD) was first introduced for skin, mucous membrane, and wound antisepsis more 

than twenty years ago. There has been a wealth of knowledge collected up to this point, including in vitro and 

animal research on the efficacy, tolerance, safety, and clinical experience from case reports and prospective 

controlled trials. Octenidine is now a well-established antiseptic in a wide range of applications, and it can be used 

as an alternative to previous antiseptics like chlorhexidine, povidone-iodine, or triclosan. It is easy and safe to 

work with, chemically stable, non-flammable, resistant to resistance development, and low in toxicity to both 

humans and the environment. The promising clinical results, ease and pain-free application, and local tolerance 

have made it popular among therapists and wound care specialists [38]. 

Octenidine dihydrochloride is a cationic surfactant with antimicrobial activity against Gram-positive and 

Gram-negative bacteria. OD differs from quaternary ammonium compounds (QACs), such as benzalkonium 

chloride and other guanidines, because it lacks an amide and ester structure. Consequently, it presents lower 

toxicity due to possible metabolites. OD is stable and antimicrobial active over a wide pH range (1.6 to 12.2), 

which is vital in wound care due to the possibility of pH changes in the wound during the healing process. As a 

result, OD's antimicrobial efficacy is unaffected in acutely infected or healing wounds [39]. 

In its molecule, OD features two non-interacting cationic active centres separated by a lengthy aliphatic 

hydrocarbon chain presented in figure 9. As a result, it easily attaches to negatively charged surfaces like microbial 

cell walls and eukaryotic cell membranes. In-vitro tests revealed a solid adherence to bacterial cell membrane 

components (e.g. cardiolipins), which could explain why it has no deleterious effects on human epithelium or 

wound tissue despite its great antibacterial activity [39]. 
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Figure 9 - Chemical structure of octenidine dihydrochloride [39]. 

 

1.3.1.3.2 2-Phenoxyethanol 

2-phenoxyethanol (figure 10) is an aromatic ether with a 2-hydroxyethyl group substituting on oxygen. It performs 

as an anti-infective and a depressant for the central nervous system. It derives from a phenol and is a hydroxyether, 

a primary alcohol, and an aromatic ether [40].  

 

 

 

Figure 10 - Chemical structure of 2-phenoxyethanol [40]. 

 

Phenoxyethanol is both naturally found and manufactured synthetically. It is the most commonly used and globally 

approved preservative in personal care formulations. It is easy to use and chemically stable. Phenoxyethanol has 

antibacterial properties and is effective against strains of Pseudomonas aeruginosa. Phenoxyethanol is also used 

in commercially available formulations to promote octenidine solubility and increase the antiseptic action of the 

formulation [41].  

 

1.3.1.4 Polyhexanide 

Polyhexanide (figure 11) is a polymeric biguanide with antibacterial characteristics and is well tolerated by the 

skin and mucous membranes. It is used as a preservative and for wound healing support in medical products as 

well as in pharmaceuticals [42]. 
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Figure 11 - Chemical structure of polyhexanide [42]. 

 

Polyhexanide was first produced and characterized in the 1950s in England in the search for novel malaria 

medicines. Polyhexanide was discovered to be ineffective against malaria but, on the other hand, to have a 

powerful antibacterial impact against a wide range of bacteria. Polyhexanide has since been effectively employed 

as a disinfectant in industrial processes and as a preservative in cosmetic and medical products in various 

concentrations [42]. 

Prontosan® was the first ready-to-use medical product containing polyhexanide launched on the market. It was 

intended for wound cleansing. Since then, and because this drug supports wound healing in various ways, the use 

of wound products containing polyhexanide, such as sprays, solutions, gels, foams and wound dressings, has 

increased [42].  

Cleaning wounds with solutions based on the polyhexanide-betaine complex has been found to lower bacterial 

load and infection rate. Polyhexanide also has a beneficial effect on the healing of burn wounds. In September 

2005, the US Environmental Protection Agency (EPA) registered polyhexanide for use in a variety of fields. 

Antibiotic resistance in human pathogenic bacteria has heightened the quest for effective and tolerated local 

antiseptics, and polyhexanide has proven to be a viable candidate [42]. 

 

1.3.2 Wound dressings  

An appropriate dressing material must be used based on the wound type. Dressing selection should be based on its 

ability to provide or maintain a moist environment, potentiate epidermal migration, endorse angiogenesis and 

connective tissue synthesis, allow gas exchange between wounded tissue and environment, preserve an appropriate 

tissue temperature to improve the blood flow to the wound bed and enhance epidermal migration and provide 

protection against bacterial infection. It should also be non-adherent to the wound and easy to remove after healing, 

it must provide debridement action to enhance leucocyte migration and support the accumulation of enzyme, and 

it must be sterile, nontoxic, and non-allergic [43]. 

Dressings are projected to come into direct contact with the wound, as opposed to a bandage that keeps the dressing 

in place. When the wound is closed with a dressing, it is continuously exposed to proteinases, chemotactic, 

complement, and growth factors. As a result, occlusive dressings started to be manufactured in the late 20th century 
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to protect and provide a moist environment to the wound. These dressings help in a faster re-epithelialization, 

promote angiogenesis by creating hypoxia to the wound bed, increase collagen synthesis, and decrease wound bed 

pH, leading to a decrease in the wound infection [44]. In the mid-1980s, the first modern wound dressings were 

introduced in the market. They delivered essential characteristics providing moisture and absorbing fluids (e.g. 

polyurethane foams, hydrocolloids, iodine-containing gels). Synthetic wound dressings evolved into a diverse 

category of products around 1995, including hydrogels, hydrocolloids, synthetic foam dressing, alginates, silicone 

meshes, tissue adhesives, vapour-permeable adhesive films, and silver/collagen-containing dressings [43]. 

Gauze, plasters, lint, bandages (natural or synthetic), and cotton wool are traditional wound dressing products. 

They are dry materials and used as primary or secondary dressings to protect the wound from contaminations. 

Gauze dressings made of cotton, rayon, and polyester woven and non-woven fibres offer some protection against 

bacterial infection. With the support of fibres in these dressings, certain sterile gauze pads are used to absorb 

exudates and fluid in an open wound. In order to protect the maceration of healthy tissues, these dressings require 

frequent changing. Gauze dressings are less cost-effective. Removing the dressing may be painful when excessive 

wound drainage is present. This will cause dressings to become moistened and, consequently, increase their 

tendency to become adherent to the wound. Bandages consisting of natural cotton wool and cellulose or synthetic 

bandages made of polyamide materials perform different functions. For example, cotton bandages are used to 

retain light dressings, high compression bandages, and short-stretch compression bandages deliver sustained 

compression in case of venous ulcers. Generally, traditional dressings are indicated for clean and dry wounds with 

mild exudate levels or used as secondary dressings. Since traditional dressings fail to provide a moist environment 

to the wound, they have been replaced by modern dressings with more advanced formulations [45]. 

Modern wound dressings have been designed to facilitate the function of the wound rather than just to cover it. 

These dressings are developed to keep the wound from dehydration while promoting healing. Modern wound 

dressings are commonly based on synthetic polymers and can be classified as bioactive, interactive, and passive. 

Bioactive WDs are dressings that deliver active substances for wound healing. Interactive dressings consist of 

semi-occlusive or occlusive, available in the forms of films, foam, hydrogel, and hydrocolloids. These dressings 

act as a barrier against the penetration of bacteria into the wound environment. Passive products are classified as 

non-occlusive, such as gauze and tulle dressings, used to cover the wound to restore its function underneath [46]. 

 

1.3.2.1 Semi-permeable film dressings 

Semi-permeable film dressings are composed of a transparent, thin, and adherent polyurethane material that allows 

for the transfer of water vapour, carbon dioxide, and oxygen from the wound. It also provides autolytic 

debridement of eschar, and it is impermeable to bacteria and water. These dressings are incapable of absorbing 

much moisture, and, typically, fluid will gather beneath the dressing. It is important to point out that the fluid is 

not a sign of infection. These dressings are flexible and highly elastic and can adapt to any shape. The inspection 

of the wound closure is also possible without removing the wound dressing because of its transparency. However, 

the accumulation of fluid will sometimes obscure the wound bed. Hence these dressings are recommended for 

epithelializing wounds, superficial wounds, and shallow wounds with low exudates [43][47].  
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1.3.2.2 Semi-permeable foam dressings 

Foam dressings consist of an outer hydrophobic layer and an inner hydrophilic one. They sometimes have adhesive 

borders. The hydrophobic properties of the outer layer offers protection from liquids while being able to keep 

bacteria and other contaminants out of the wound and allow gaseous exchange and water vapour [43].  

Early foam dressings were custom polymerized or cut for individual wounds. Advantages of foam dressings 

include the fact that they are absorbent and non-adherent and can expand and conform to wounds with unusual 

configurations. Additionally, they are comfortable and can be removed easily for cleaning. However, foam 

dressings have disadvantages as well. Custom foam dressings are labour intensive to produce, and they provide 

limited protection from bacterial contamination. Because they absorb fluid from the environment, they cannot be 

used while bathing [46]. 

Most modern foam dressings are pre-packaged and are not custom produced for individual wounds. They are 

thinner than the early custom dressings and often include a non-absorbent, adhesive cover that is occlusive. 

Although these off-the-shelf dressings are simple to use and provide more protection from the external 

environment, they cannot fill large or irregularly shaped wounds [46]. 

 

1.3.2.3 Hydrocolloid dressings 

Hydrocolloid dressings are included in the most widely used dressings. The term "hydrocolloid" describes the 

family of wound management products obtained from colloidal (gel-forming agents) materials combined with 

others such as elastomers and adhesives. The typical gel-forming agents include carboxymethylcellulose (CMC), 

gelatin, and pectin [45]. 

Hydrocolloid dressings are clinically useful because, unlike other dressings, they adhere to both moist and dry 

sites. Hydrocolloid dressings are usually used for light to moderately exudative wounds, for instance, pressure 

sores, traumatic injuries, and minor burns. They are also used to manage the treatment for leg ulcers because they 

appear to have advantages in treating wounds failing to respond to compression therapy alone. In their whole state, 

hydrocolloid dressings are impermeable to water vapour. Still, the absorption of wound exudate leads to a change 

in physical state with the formation of a gel covering the wound. They develop progressively to become more 

permeable to water and air as the gel forms. They are particularly beneficial in paediatric wound care to manage 

both acute and chronic wounds, as they do not cause pain on removal [45]. 

A disadvantage of hydrocolloids is that these types of dressings are not indicated for neuropathic ulcers or highly 

exudating wounds. Also, they are primarily used as a secondary dressing [43]. 
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1.3.2.4 Alginate dressings 

Alginate dressings are composed of soft, non-woven fibres of a cellulose-like polysaccharide. This polysaccharide 

derives from the calcium salt of alginic acid (seaweed). The primary utility of these dressings is in exudative 

wounds. When in contact with wound exudate, the insoluble calcium alginate is partially converted to soluble 

sodium salt. This conversion creates a hydrophilic gel as a by-product. The gel generates an occlusive environment, 

thus facilitating healing. The environment characteristics under alginate dressings have not been evaluated as 

thoroughly as those under films and hydrocolloids. When the alginate becomes engorged and begins to "bleed", a 

dressing change is indicated. Alginates are packed in various forms, including ropes for packing cavities, ribbons 

for narrow wounds or sinuses, and pads [46]. 

The gelling property of alginates is attributed to the presence of calcium ions which potentiates the formation of a 

crosslinked polymeric gel that degrades slowly. Calcium ions can form crosslinks with the alginic acid polymer, 

making calcium alginate dressings an excellent material for tissue engineering scaffolds. Comparative studies of 

hydrocolloid dressings and alginates showed that alginate gels remain on the wound for a more extended period 

than hydrocolloids [48]. 

 

1.3.2.5 Hydrogel dressings  

Hydrogels are highly hydrophilic macromolecular networks produced by chemical or physical crosslinking of 

soluble polymers. Due to their particular properties, such as high sensitivity to physiological 

environments, hydrophilic nature, soft tissue-like water content, and adequate flexibility, hydrogels are excellent 

candidates for biomedical applications [49]. 

The high water content of hydrogels (70 % to 90 %) helps granulation tissues and epithelium in a moist 

environment. The soft and elastic properties of hydrogels provide easy application and removal after a wound is 

healed without any damage. The temperature of cutaneous wounds is decreased by hydrogels providing a soothing 

and cooling effect. Hydrogel dressings can be used for dry chronic wounds, necrotic wounds, pressure ulcers, and 

burn wounds. These materials are non-irritant, non-reactive with biological tissue, and permeable to metabolites. 

Many researchers have reported that hydrogel dressings are used to treat chronic leg ulcers [43]. 

The advantages and disadvantages of the polymeric dressing materials, e.g. hydrogels, foams, films, hydrocolloids, 

and alginates, are described in figure 12. However, hydrogels are reported as the best choice compared to other 

dressing forms because they comprise the needed requirements for an ideal wound dressing. The only disadvantage 

of these materials is their poor mechanical stability at swollen state. This drawback has been addressed by using 

"a composite or hybrid hydrogel membranes" system consisting of more than one polymer in the dressing 

composition [49]. 

https://www.sciencedirect.com/topics/engineering/hydrophilic
https://www.sciencedirect.com/topics/engineering/chemical-crosslinking
https://www.sciencedirect.com/topics/engineering/hydrophilic-nature
https://www.sciencedirect.com/topics/engineering/biomedical-application
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Figure 12 - Polymeric wound dressings: Advantages and disadvantages [49]. 

 

1.3.2.5.1 Casein-based hydrogels  

Hydrogels can be formulated using a wide range of polymers, including those of food origin. The benefits of 

hydrogels made from food-grade biopolymers include safety, low cost, and commercial availability. One 

possibility for creating food-based hydrogels is the use of caseins, alone or in combination with other food-grade 

polymers [50]. 

Casein-based hydrogels are biodegradable, biocompatible, renewable, easy to obtain, inexpensive, and nontoxic. 

They exist in different physicochemical states, such as particle hydrogels, which can be divided into emulsions or 

suspensions, and macro hydrogels that are gel colloid types. Increasing attention has been drawn to these 

biomaterials in recent years due to their ability to form networks of different tensile strengths and encapsulate, 

protect, and release biomolecules [51]. 

On average, cow's milk protein concentration is 30 g to 35 g proteins per litre. Approximately 80 % of those 

proteins are caseins. Caseins are phosphorylated proteins that have a net negative charge in milk pH (6.7-6.9). 

They are proline-rich proteins, resistant to heat denaturation, with limited secondary and tertiary structures. There 

are four main types of caseins in milk, α-s1, α-s2, β, and k-casein, with molar ratios of 11:3:10:4, respectively. 

There are several genetic variants of these proteins. Caseins are classified as rheomorfic proteins once they assume 

different conformations according to their physicochemical environment. Due to the high levels of phosphorylated 

residues in casein molecules, the molecules tend to self-assemble, forming casein micelles (CMs) in aqueous 

solutions supersaturated with calcium phosphate, as is the case for cow's milk [52]. 



20 

 

Different types of casein hydrogels have been employed for the delivery and controlled release of a wide variety 

of biomolecules. These include dispersions of particle hydrogels and macro hydrogels. The former may be divided 

into emulsions and suspensions, and the latter can be physiochemically classified as a gel. The studies describing 

casein hydrogels systems are summarised in figure 13 [51]. 

Figure 13 - Casein and casein-based particles and macro hydrogels as carriers of bioactive compounds [51]. 

 

Macro hydrogels are produced when a continuous polymeric network is formed using physical and/or chemical 

crosslinking or when polymer chains become mechanically entangled. The network can retain a solvent (dispersed 

phase). Solvent entrapment lends the system a solid-like appearance [51]. 

Using casein and oxidized hyaluronic (O-Ha) acid, Nan-Nan Li et al. were able to develop biocompatible 

composite hydrogels for controlled drug release. Their mechanical, swelling and drug release properties could be 

regulated by changing the aldehyde group content of O-HA or O-HA amount. The composite hydrogel was found 

to be non-cytotoxic and biocompatible [53]. 

Jianyu Xu et al. investigated a milk casein protein model introduced into a polyacrylamide (PAAm) hydrogel. The 

hydrogel was able to achieve adequate adhesiveness and mechanical strength, and it could repeatedly adhere to 

the surface of solid materials and biological tissues by possible physical interactions. Additionally, no skin tissue 

irritation was present or inflammatory response [54]. 

Jinwoo Ma et al. developed highly stretchable and notch-insensitive hydrogel by integrating casein micelles into 

polyacrylamide (PAAm) networks. In the casein-PAAm hybrid gels, casein micelles and polyacrylamide chains 

synergistically enhanced the mechanical properties [55].  

Since most formulations investigated showed promising results for incorporating casein into films, further 

investigation on casein hydrogels for wound dressings could be advantageous. Additionally, the loading of the 

WD with a drug could improve its effectiveness and provide new options to wound care treatment.  
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1.3.3 Drug loaded wound dressings 

Chronic wounds are likely to have bacterial infections due to fluid accumulation at the wound site, which may 

spoil the healing process. In order to provide a proper healing environment, it is crucial to have an antimicrobial 

dressing capable of inhibiting bacterial growth [56]. Therefore, it is highly desirable to design a high-performance 

antibacterial wound care system that could facilitate the wound healing process.  

Moritz et al. studied the development of bacterial nanocellulose (BNC) fleeces produced by aerobic strains of 

Komagataeibacter xylinus. The biomaterial was loaded with octenidine and developed as a drug delivery system 

for the treatment of acute and chronically infected wounds. The loaded dressings showed promising release 

profiles, and they were stable for up to 6 months of storage without losing physiochemical and biological 

characteristics [57].  

Y. Alkhatib et al. investigated the possibility of a controlled release of octenidine from a BNC/ Poloxamer hybrid 

system to be used as drug-loaded wound dressings. Previous studies from the authors demonstrated the use of 

BNC as a drug-delivery system of the antiseptic octenidine for the treatment of acute wounds, which require a fast 

and short-term drug release. However, recent discoveries showed that this drug-release could be long-term if a 

combination of the two materials, BNC and Poloxamers were made. In their study, an 8-day release of octenidine 

was achieved by incorporating Poloxamers into the three-dimensional BNC network. The release kinetics could 

be controlled with the concentration and type of the selected Poloxamer. Moreover, the in situ formation of the 

Poloxamer gels in the BNC influenced their water-binding characteristics and improved their mechanical stability, 

which might be advantageous for their use in compressive dressings. Treatment costs could also be reduced, and 

patient compliance could improve due to less frequent wound dressing changes [58]. 

Sung et al. developed a minocycline-loaded wound dressing made with a PVA and Chitosan blended hydrogel. 

The dressing was made using the freeze-thaw method, and minocycline was chosen because studies have reported 

its use in the treatment of superficial infections of the skin. In addition, the application of these hydrogels in vivo 

resulted in less inflammatory cells and more collagen proliferations compared to the application of a sterile 

gauze [59].  

S. K. Bajpai et al. developed an alginate dialdehyde-crosslinked casein film loaded with the antibiotic drug 

gentamicin sulfate (GS) for wound dressing applications. The work demonstrates controlled release kinetics of the 

drug GS from the gelatin films. The oxygen permeability showed a slight decrease with the degree of crosslinking 

of the films. In vivo studies with wounds treated with gentamicin loaded patches revealed significantly less scar at 

the closure of the wound associated with an increase in collagen fibres and negligible inflammatory collection [60].  

A. Thakur et al. studied poly(acrylamide-co-acrylic acid) hydrogels – poly(AAm-co-AAc). The material was 

synthesized by a free radical polymerization using N,N’- methylenebisacrylamide (MBAAm) as the crosslinker. 

Different crosslinking ratios were analysed, and the samples were loaded with the drug gentamicin sulfate. Results 

showed a relation between the release of GS and the crosslinking degree of the hydrogels. The release kinetics 

followed a two-step pattern, with an initial burst followed by a slow and continuous release [61].  
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Incorporating a drug into a wound dressing would potentiate the antimicrobial action of the material and prevent 

the occurrence of bacterial infections in the wound bed. Antibiotic resistance of microorganisms poses a big 

problem and could consequently lead to delayed wound healing. To avoid that, increasing attention has been drawn 

to antiseptic use in wounds care, which is unlikely to produce resistant pathogens.  

 

1.3.4 Wound dressing sterilization 

Sterilization is a required step in the development of WDs to reduce the risk of infection since dressings are 

designed to be used in direct contact with the wounded skin. Any biomaterial must be able to withstand effective 

sterilization in order to gain regulatory approval and safely proceed to clinical trials. Different sterilization methods 

can have a negative or beneficial impact on a variety of material qualities (e.g., aspect, size, colour, chemical 

structure, mechanical integrity, and biocompatibility). Special care should be taken to ensure that the sterilization 

method does not affect the drug stability/degradation and its release profile when dealing with drug-loaded 

biomaterials. It is important to point out the impossibility of predicting the outcome of different sterilization 

methods in a particular  combination drug/biomaterial [62].  Hydrogels, which  are known to exhibit sensitivity to 

heat and radiation, deserve special attention to ensure that the material properties are not altered [63]. 

Paula M. et al. studied the effect induced by three sterilization methods – exposure to gamma radiation or ethylene 

oxide and immersion in 70 % ethanol aqueous solution – on the qualities of chitosan membranes designed for 

wound healing. The results showed that none of the sterilization methods is unsuitable on chitosan membranes. 

On the other hand, even though gamma radiation is one of the most commonly used biomaterial sterilizing 

methods, it altered the chitosan membrane structure, seen by colour changes in the samples. The use of 70 % 

ethanol as a sterilizing agent produced acceptable results in all characterization methods. However, it is only 

suitable for small-scale applications. Despite diminishing the tensile strength of chitin-containing membranes 

(which are within the range validated for normal human skin), ethylene oxide kept most of the biomaterial 

characteristics. For those reasons, ethylene oxide was considered the most adequate sterilization method for the 

chitosan membranes [64]. 

Whitney L. S. et al. investigated the effect of common sterilization methods on alginate-based hydrogels. The 

study evaluates autoclaving, ethanol washing and ultraviolet light sterilization techniques. Results exhibited that 

although autoclaving guarantees terminal sterilization, the mechanical properties of the biomaterial were 

compromised. UV irradiation did not significantly affect the mechanical properties but was not an effective method 

for terminal sterilization. Finally, ethanol washing was considered the most suitable, effective, and low-cost 

method for the sterilization of these biomaterials [65].  

K. Aida et al. developed bacterial cellulose/chitosan nanocomposite films and tested them for steam sterilization. 

Since the films had reasonable thermal stability with a maximum degradation temperature of 400 oC to 600 oC, 

autoclave sterilization did not comprise the biomaterial properties and was chosen as the sterilization method [66].  
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1.3.4.1 Steam  

Of all the sterilization procedures available, moist heat in the form of saturated steam under pressure is the most 

extensively utilized and reliable. Steam sterilization is nontoxic, not expensive, microbicidal and sporicidal [67]. 

Some disadvantages are related with the impossibility of applying this method when the materials can degrade or 

change significantly under processing conditions. Additionally, an increase in the content of organic contaminants 

on the surface of sterilized surfaces can occur [68].  

The general concept of steam sterilization in autoclave is to expose each item to direct steam contact for a 

prescribed period at a specified temperature and pressure. As a result, steam sterilization comprises four 

parameters: steam, pressure, temperature, and time. Dry saturated steam containing entrained water (dryness 

fraction of 97 %) is the optimum steam for sterilization. Pressure is used to reach the desired temperatures required 

to kill pathogens quickly. To guarantee microbicidal efficacy, specific temperatures must be reached. The two 

most prevalent steam-sterilizing temperatures are 121 °C and 132 °C [69].   

 

1.3.4.2 Gamma radiation  

Gamma radiation sterilization uses the radioisotope Cobalt 60 (Co-60) to eliminate pathogens. Co-60 serves as a 

radiation source and undergoes decomposition releasing high energy gamma rays. The electromagnetic radiation 

emitted is particularly penetrating and capable of killing contaminating pathogens. Owing to its high stability 

(half-life > 5 years) and gamma emission characteristics, Co-60 is a viable source of radiation. It is also easily 

manufactured from natural metal and is not fissile or flammable [70][71].  

A key aspect of gamma radiation is its high penetration capability, which allows for delivery of target radiation 

dose to areas of products that may be higher in density [71]. However, the choice of this sterilization method 

implies a compatibility evaluation of the effect of this method on the material’s behaviour. Additionally, since it 

is a costly method, financial factors should also be taken into consideration [72].   

 

1.3.4.3 High-pressure processing (HPP)  

High-pressure processing (HPP) is a promising “non-thermal” food preservation technique that effectively kills 

vegetative microorganisms. Harmful microorganisms such as Escherichia Coli and many yeasts and moulds are 

also inactivated by HPP treatment. On the other hand, bacterial spores still represent a challenge for high-pressure 

technology, and more information about their resistance is required [73].  

Samples are sealed in flexible containers before being loaded into a high-pressure chamber, where they undergo 

the sterilization process. Pressure is applied for a specific time and later released, after which the processed 

products are removed and stored. HPP sterilization uses pressures in the range 100 to 800 MPa, and since pressure 
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transmission is not mass/time dependent, sterilization times are short [74][75]. Process temperature can be 

specified from bellow 0 oC, minimizing effects of adiabatic heat, and to above 100 oC [76].  

 

1.3.4.4 Ultraviolet germicidal irradiation (UVGI) 

The use of ultraviolet (UV) energy to destroy viral, bacterial, and fungal organisms is known as ultraviolet 

germicidal irradiation, or UVGI. UVGI fixtures emit UV-C radiation, which has shorter, primarily at 254 nm, 

wavelengths than the more penetrating UV-A and UV-B rays and lower health risk [77].   

Pathogens are eliminated by UV-C radiation due to the damaging effect it has on their DNA. The primary mode 

of inactivation occurs when the absorption of a photon forms pyrimidine dimers between adjacent thymine bases 

incapacitating the replication of the microbes [78].   

Surface disinfection is limited by micro shadows and absorptive protective layers. Additionally, UVGI can 

disinfect air and water [78]. 
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Chapter 2  

 

Materials and methods  

 

 

2.1 Materials 

2.1.1 Wound dressings 

For the preparation of the two different types of hydrogels developed in this study, two different caseins were used, 

a sodium salt form and an acid one. Casein sodium salt and acid casein, both from bovine milk, were purchased 

from Sigma. It is important to point out that the acid casein in insoluble in water while the sodium salt casein is 

freely soluble (soluble 50 mg/mL).  

NaOH pellets (99 %) were purchased from Merk. Acrylamide (AAm) and N,N’- methylenebisacrylamide 

(MBAAm) were purchased from Sigma. Ammonium persulfate (APS), N,N,N’,N’-tetramethylenediamine 

(TEMED) and N-(3-Aminopropyl)methacrylamide hydrochloride (APMA) were purchased from Sigma.  

 

2.1.2 Drugs  

Octiset® (Schülke) has a concentration of 1 mg/mL of octenidine dihydrochloride and 20 mg/mL of 

2-phenoxythanol. Polyhexanide (0.5 mg/mL) was prepared in PBS using polyhexamethylene biguanide 

hydrochloride (PHMB) (94 %), purchased from Carbosynth. 

 

2.1.3 Others 

Phosphate buffered saline (PBS) solution was prepared using tablets purchased from Sigma. Each tablet was 

dissolved in 200 mL of double distilled (DD) water (Milli-Q, resistivity of 18.2 MΩ.cm (at 25°C)). The final 

PBS solution has 0.01 M phosphate buffer, 0.0027 M potassium chloride, and 0.137 sodium chloride; the final pH 

is 7.4.  

A hydrophobic treatment had to be done to the glass moulds where the hydrogels were crosslinked. For the 

silanization protocol, toluene was purchased from Jose Gomes Santos (JMS), and methanol was purchased from 

Riedel-de Haën. 
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For the degradation assays, lysozyme from chicken egg white (40000 units/ mg protein) was purchased from 

Sigma. Pseudo extracellular fluid (PECF), a simulated exudate solution, was prepared using 0.68 g of NaCl 

(Sigma), 0.229 g of KCl (Sigma), 2.5 g of NaHCO3 (Panreac) and 0.4 g of NaH2PO4 (Sigma). The salts were 

dissolved in 100 mL of DD water.  

The culture medium for the antibacterial properties assay was prepared using Mueller-Hinton Agar and 

Mueller-Hinton Broth from OXOID. The bacterial cultures used were Pseudomonas aeruginosa (ATCC 

15442) and Staphylococcus aureus (ATCC 25923). 

For cytotoxicity assays, Dulbecco’s modified eagle’s medium (DMEM) (D5796), bovine calf serum, penicillin-

streptomycin solution, sodium pyruvate, NIH/3T3 fibroblasts (ATCC®CRL-1658/Sigma 93061524), 

trypsin-EDTA (Ethylenediaminetetraacetic acid) solution, dimethyl sulfoxide (DMSO), MTT solvent, HCl and 

isopropanol, all from Sigma, were used. 

 

2.2 Hydrogel preparation 

Two different formulations, where different caseins were used, were studied for the hydrogel dressings. Casein 

hydrogels were prepared by a free radical polymerization of AAm and coagulation of casein micelles. 

For the formulation with casein sodium salt – formulation CS – the casein solution was prepared by dissolving 1 g 

of the casein powder in 10 mL of DD water with magnetic stirring for 4 hours. The pH of the casein solution was 

adjusted to 6 by the addition of NaOH solution (1 M). After dissolution, 2 g of AAm and 1 mg of MBAAm were 

added to 5 mL of the casein solution. After stirring, 1 mg of APS and 0.5 μL of TEMED were added as a radical 

initiator and crosslinking accelerator for AAm, respectively. 

For the formulation with the acid casein – formulation C – the protocol was the same with an exception in the 

initial step, where the casein had to be dissolved in water with two drops of NaOH (10 M), given the impossibly 

of dissolving this casein in water. The mixture was then magnetically stirred overnight.  It is important to point 

out that the pH of the solution decreases as the casein starts to dissolve, reaching a pH of approximately 6 when it 

is fully dissolved in the solution.    

An additional reagent was added to both formulations with the intent to improve the release results for the drug 

Octiset®, given its burst release profiles presented in the below section 3.1. The informatic program AutoDock 

was used to study the affinity of the different monomers with the drug molecule (macromolecule), octenidine 

dihydrochloride. The program allows to determine, among other data, the binding energy (E) and inhibition 

constant (Ki) between the ligand and the macromolecule. The E value stands for the free energy of interaction 

between the two selected molecules, and it gives information regarding the bridging. A more negative value of E 

corresponds to higher interaction between the chosen pair of molecules. Concerning drug release applications, the 

inhibition constant, Ki, is also an important parameter to analyse because it describes the tendency of the two 

selected molecules – ligand (L) and macromolecule (M) – to generate a complex (LM) or be separated (L+M) – 

equation 1. 
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 𝐿𝑀
𝐾𝑖
↔ 𝐿 + 𝑀 (1) 

 

When the Ki value is low, the LM complex is predominant over the separated molecules L+M. The inhibition 

constant is the inverse of the binding constant Kb. It can also be described as the ratio between the concentration 

of the two different species and the complex, expressed in [mM] (equation 2). 

 
Ki =

[L][M]

[LM]
 (2) 

The goal was to find a functional monomer that minimized the inhibition constant and turned the free energy more 

negative. Different monomers were considered, and N-(3-Aminopropyl)methacrylamide hydrochloride (APMA) 

was the most promising candidate. Therefore, APMA was added to both formulations in 150 mM concentration.  

For both formulations, the hydrogel solution was poured into a glass mould with dimensions of 15 cm × 9 cm × 

2 mm (length × width × thickness), previously submitted to a hydrophobic treatment. The silanization protocol 

consisted of soaking the glassware in a 5 % toluene solution for 2 hours. Glassware was later rinsed with methanol 

to remove the excess of silanizing reagent and rinsed again with DD water. The glass was dried using N2 gas [79].  

For the crosslinking of the hydrogels, formulation CS was exposed to UV light (proMa, model 

UV-Belichtungsgerät 2) for 4 h and left 22 h in the oven at 36 oC for casein gelation. Formulation C was exposed 

to UV light for 2 h and left 6 h in the oven at 36 oC for casein gelation. The hydrogels were carefully removed 

from the moulds and washed in DD water for 3 days to eliminate free radicals.  

Hydrogels were cut in the appropriate dimensions for each test and dried in the oven for 6 h at 36 oC. 

The reagents and methods used in the preparation of the materials are summarised in table 1.  

 

Table 1 - Reagents and methods used in the hydrogels' preparation for a final volume of 5 mL. 

 Formulation CS  Formulation C 

Casein 1 g casein sodium salt 1 g casein acid form 

AAm 2 g 2 g 

APMA 134 mg 134 mg 

MBAAm 1 mg 1 mg 

APS 1 mg 1 mg 

TEMED 0.5 μL 0.5 μL 

Crosslinking 
UV exposure 4 h 2 h 

Oven (36 oC) 22 h 6 h 

Drying step 6 h, 36 oC 6 h, 36 oC 
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The hydrogels of both formulations were visually similar. Figure 14 presents the hydrated material of CS 

formulation.  

 

 

 

 

 

 

Figure 14 - Casein-based hydrogel of CS formulation. 

 

Sterilization of the hydrogels was carried out in autoclave (Uniclave 88 from AJC) at 121 oC and 1 bar, for 20 

minutes. The properties of both sterilized and non-sterilized samples were compared to assess the eventual effects 

of sterilization on the material.  

 

2.3 Hydrogel characterization  

2.3.1 Swelling ratio and equilibrium water content  

In this study, the swelling kinetics of the samples was studied to evaluate the ability of the material to absorb water 

and drug solutions. The assays were performed in sterile and non-sterile samples to assess possible changes in the 

hydrogels’ matrix after the sterilization step.  

The assays were performed in triplicate for each condition for both formulations. Samples were cut with 10 mm 

diameter and adequately dried. The dry weight of the samples was taken, and they were then transferred into 

falcons with 5 mL of milli Q (DD water), Octiset® or polyhexanide. The samples were carefully taken out of the 

solutions, blotted with an absorbent paper, and weighted until the equilibrium was reached. The disks were 

weighted at 10, 20, 30, 45, 60 and 90 minutes and then every hour until the swelling stagnated.  

The swelling ratio (SR) and equilibrium water content (EWC) were calculated with equations 3 and 4, respectively. 

 
𝑆𝑅 (%) =

𝑊ℎ − 𝑊𝑑

𝑊𝑑

× 100 
(3) 
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𝐸𝑊𝐶 (%) =

𝑊ℎ − 𝑊𝑑

𝑊ℎ

× 100 (4) 

 

Where Wd is the weight of the dried sample and Wh is the weight of the hydrated sample.  

 

2.3.2 Degradation assay  

For the degradation assay, samples were cut into 10 mm diameter disks and dried in the oven; the assay was done 

in quintuplicate. The weight of the dried samples was measured, and each disk was then placed on 5 mL of the 

degradation solution. Tests were made in PBS and in PECF-lysozyme solution (1 mg/mL) to assess the hydrolytic 

degradation and the degradation rate in a simulated exudate solution, respectively. The samples were placed in the 

oven at 34 oC under agitation at 180 rpm. Disks were removed from the falcons after 24 h and 48 h and washed by 

immersion in DD water for approximately 24 h to remove any soluble parts. After drying, the samples were 

weighed, and the weight loss was calculated with equation 5.  

 
Weight loss (%) =

W0 − W24/48

W0

× 100 (5) 

 

Where W0 is the weight of the dried and not degraded sample and W24, and W48 are the weights of the sample, 

after 24 h and 48 h in the degradation solutions, respectively, and upon drying. 

 

2.3.3 SEM 

In order to analyse the morphology of the hydrogels and assess if the sterilization step induced any changes in the 

material, scanning electron microscopy (SEM) was used. Sterile and non-sterile samples of both formulations with 

10 mm diameter were used. The assay was performed in duplicate. 

The disks were first hydrated in DD water for 24 h, carefully blotted with an absorbent paper, placed in the freezer 

at -80 oC for 3 h, and later lyophilized overnight. Lyophilization was performed in a CHRIST freeze-dryer, model 

ALPHA 1-2 LDplus.  

For the cross-section images, the hydrated hydrogel disks were frozen in liquid nitrogen for a few seconds, broken 

into small pieces, and lyophilized overnight. 

Prior to SEM analysis, samples were coated with a gold/palladium film in a Polaron Quorum Technologies sputter 

coater and evaporator (Au/Pd, Cr, C). After coating, the samples were analysed with an Analytical SEM Hitachi 

S2400.  
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SEM images were obtained under x100, x3000, and x5000 magnifications, and cross-section images were obtained 

under x40 and x500 magnifications.  

 

2.3.4 Mechanical tests 

In order to assess the mechanical properties of the produced hydrogels, tensile tests were performed using a 

texturometer TA.XT Express Texture Analyser. The measurements were processed with the software 

TE32LiteExpress.  

After setting to zero the force in the texturometer, a constant speed (pre-test and post-test speed) of 0.5 mm/s was 

applied using a target force of 49 N, with the machine stopping at the designated target force.  

The assay was performed in non-loaded samples and in both sterile and non-sterile drug-loaded samples. The 

experiments were carried out in quadruplicate, and the samples were cut in a rectangular shape to have a final 

length of 2.93 mm, width of 1.15 mm and height of 16.00 mm. Small grips were attached to the samples, and soft 

paper was glued to them to protect their surface from additional damage. After fixation in a vertical position, the 

experiment was run, and data were collected until rupture.  

Stress-strain curves were analysed by the software. Young modulus (Y) was calculated by dividing the stress (σ) 

by the strain (ε) over a specific range of strain – equation 6. The toughness was obtained by calculating the area 

below each sample’s stress-strain curve. The range of strain considered for this assay was 0-20 %. This range was 

chosen with the aim of studying the elastic deformation of the material, where stress and strain are proportionally 

dependent, and the curve presents a linear form [80].  

 𝑌 =
σ

ε
 

(6) 

 

2.4 Drug loading and release   

The loading of Octiset® (1 mg/mL of octenidine dihydrochloride and 20 mg/mL of 2-phenoxyethanol) and 

polyhexanide (0.5 mg/mL) into the samples was achieved using the soaking method. Samples were cut, properly 

dried, and immersed in a falcon with 5 mL of the desired drug solution for 48 h at room temperature.  

Drug release tests were performed in a Franz cell diffusion system (figure 15). The system allows to measure the 

release of a compound through membranes. To best mimic in vivo conditions, experiments are commonly done at 

normal human skin temperature (34 ºC). One side of the samples is in contact with PBS, while the other side is 

facing the air inside the top part of the cell. It is important to point out that the top of the cell is covered with a tip 

in order to prevent the sample from drying during the assay. 
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The system consists of six Franz cells, which are thermostatized through jackets surrounding the receptor 

chambers. Magnetic stirring is provided, so a magnetic stir bar must be placed inside the body of the cell. Stirring 

is needed to keep the concentration of the diffusant and the temperature of the chamber uniform throughout the 

assay.  

Samples were cut with a diameter of 20 mm, to keep them from falling inside the cell. After loading, the disks 

were carefully blotted and placed between the upper and lower part of the cell. The samples were surrounded by 

a rubber ring (sample’ useful area in contact with the liquid is 76 mm2) and the upper and lower part of the cell 

was held in place with a clamp. After carefully mounting the six cells, its receptor chamber was filled with 6.5 mL 

of PBS through the lateral tip. 

 

 

 

 

 

 

 

Figure 15 - Franz cell's structure. 

 

At each predetermined sampling time, 200 μL of solution from each cell were collected and analysed with UV-

Vis spectroscopy (MultiskanTM GO Microplate Spectrophotometer of ThermoTM Scientific). The absorbances were 

measured at characteristic wavelengths for each drug, and from absorbance values, the concentrations and the 

normalized cumulative mass released values were calculated.  The exact amount of fresh PBS (200 μL) was refilled 

into the cell through the lateral tip. Liquid samples were retrieved every 30 minutes for the first hour and then 

every hour for the remaining 7 h. Additional measurements were taken at 24 h and 48 h.  

Prior to the measurements, calibration curves had to be made for each drug to correlate the absorbance values with 

the drug concentrations. It is important to point out that Octiset® required two calibration curves since it has two 

main active components. The wavelengths for the drugs are the following: 220 nm for 2-phenoxyethanol and 

270 nm for octenidine dihydrochloride – Octiset®’s active components – and 220 nm for polyhexanide 

[81][82][83].  

In order to determine the amount of drug loaded into the hydrogel, a methanol extraction assay was performed. 

Drug-loaded samples were immersed in 3 mL of methanol inside glass vials. At pre-determined times, the disks 

were removed and placed in new vials with fresh methanol. The absorbance of the solution was assessed at each 

time point, the concentrations of the drugs in the solutions were calculated, and the extracted drug mass was 

determined. The process was repeated until the methanol solution was free from the drugs. Volume samples were 

retrieved after 2 h, 4 h, 8 h and 24 h.  

Cell top 

Lateral tip   
Sample 

Receptor chamber fluid (PBS) 
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2.5 Antibacterial properties    

The antibacterial properties of the materials were tested against two bacteria: Staphylococcus aureus ATCC 25923 

(Gram-positive) and Pseudomonas aeruginosa ATCC 15442 (Gram-negative).  

The antibacterial activity was assessed with two methods: agar diffusion tests (inhibition halos) and turbidimetry. 

For both assays, the experiment was performed in quadruplicate for each bacterial strain in aseptic conditions (flow 

chamber from Bio Air Instruments, model AURA 2000 MAC 4 NF). CS and C samples were cut with 10 mm 

diameter, and the assay was done for drug-loaded (with Octiset® or polyhexanide) and non-loaded samples 

(hydrated in PBS). Samples were loaded for 48 h at room temperature.  

Bacterial strains were grown for 24 h at 37 oC. An optical density of 1 McFarland (3×108 bacteria/mL) was 

achieved for Staphylococcus aureus and 0.5 McFarland (1.5×108 bacteria/mL) for Pseudomonas aeruginosa by 

suspending the grown strains in 0.9 % NaCl sterile solution.   

 

2.5.1 Agar diffusion tests     

For agar diffusion tests, Mueller-Hinton Agar was used to make the culture medium, which was then sterilized in 

autoclave at 121 oC and 1 bar, for 20 minutes, and subsequently stabilized in a water bath at 50 oC.  Sterile culture 

plates (120×120 mm2) were filled with 50 mL of culture medium and 350 μL of bacterial suspension and left to 

solidify. Loaded and non-loaded hydrated samples were carefully blotted with absorbent paper and were placed 

on the agar. Plates were incubated for 24 h at 37 oC, and afterwards examined to check the formation of bacterial 

growth inhibition halos.  

 

2.5.2 Turbidimetry      

For the turbidimetry assay, the medium was prepared with Mueller-Hinton Broth. After preparation, the broth 

medium was sterilized in autoclave at 121 oC and 1 bar, for 20 minutes. Each sample was carefully blotted with 

absorbent paper and individually placed on a 24-well plate. 500 μL of broth medium and 10 μL of bacterial 

suspension were added to each well. For the positive control, 500 μL of broth medium and 10 μL of bacterial 

suspension were added to the well (without sample). For the negative control, only 500 μL of broth medium was 

added. The plates were incubated at 37 oC for 24 h at 100 rpm. In order to analyse the results, 200 μL of each well 

solution was extracted, and the absorbance was measured using a spectrophotometer (Platos R 496 Microplate 

Reader) at 630 nm.  
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2.6 Biocompatibility tests 

2.6.1 Irritation assay (HET-CAM) 

Hen’s Egg test on chorioallantoic membrane (HET-CAM) assay (figure 16) was performed to evaluate the 

potential irritation effect of both hydrogel formulations. The assay was done for drug-loaded (with Octiset® or 

polyhexanide) and non-loaded samples (hydrated in PBS). Fertilized hen’s eggs (Sociedade Agrícula da Quinta da 

Freiria, SA, Portugal) were incubated (Incubator, 56S) at 37 oC ± 0.5 oC with 60 ± 5 % of relative humidity. After 

incubating for 9 days, the eggs were removed from the incubator. The shell was cut at the air pocked existent in 

the larger end with a rotary saw (Dremel 300, Breda), the eggshell was removed, and the inner membrane was 

hydrated with 0.9 % NaCl solution for 30 minutes. After hydration, the membrane was carefully removed in order 

to expose the chorioallantoic membrane (CAM).  

The assay was performed in triplicates for both CS and C formulations. Samples were cut with 10 mm diameter 

and sterilized in 5 mL of the loading solution. Drug-loaded samples were soaked for 48 h in the drug solutions at 

room temperature. After CAM exposure, the samples were removed from the loading solution, carefully blotted 

with absorbent paper, and placed directly on the CAM for 5 minutes. Irritation of the membrane was evaluated 

checking the appearance of lysis, haemorrhage, and coagulation. Additionally, a positive and negative control were 

performed by applying 300 μL of 5 M NaOH and 0.9 % NaCl on the CAM, respectively [84].  

 

 

 

 

 

 

 

 

 

Figure 16 - Schematic representation of the HET-CAM test. Adapted from [85].  

 

2.6.2 Hemocompatibility  

Blood samples were collected from healthy volunteers by venipuncture in sodium citrate anti-coagulant vacutainer 

tubes (Vacustest Kima) under aseptic conditions in Serviços de Saúde of Instituto Superior Técnico, Lisboa. Both 

CS and C formulations were studied. Samples were cut with 10 mm diameter and previously sterilized in falcons 

containing 5 mL of PBS. Keeping the aseptic conditions, 200 μL of blood were added to the falcons containing 

the samples, which were incubated at 37 oC for 1 h.  Distilled water and untreated PBS were used as the positive 

1. Egg opened and CAM exposed  2. Sample applied to the surface of 

the CAM   

3. CAM evaluated for signs of haemorrhage, 

coagulation and/or vessels lysis  
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and negative control, respectively. After incubation, the samples were removed from the falcons, and the tubes 

were centrifuged for 10 min at 3000 rpm. The supernatant’s absorbance was measured at 540 nm, and the 

hemolysis ratio was calculated through equation 7. The assay was performed in sextuplicate. 

 

 
𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 (%) =  

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 −  𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

× 100 

 

(7) 

 

 

2.6.3 Cytotoxicity  

A cytotoxicity assay was performed to evaluate the cells’ response to the hydrogels. The assay was performed 

under sterile conditions (flow chamber from Bio Air Instruments, model AURA 2000 MAC 4 NF) and was 

composed of two main steps: 

1. Subculturing of cells   

The culture medium consisted of Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma), supplemented with 

10 % bovine calf serum, 1 % penicillin-streptomycin solution and 1 % of sodium pyruvate. The cells used in the 

assay were NIH/3T3 fibroblasts (93061524, Sigma). Frozen stocks were thawed and then centrifuged for 5-7 

minutes at 125 g. Cells were cultured in DMEM supplemented medium in a humidified incubator with 5 % CO2 

at 37 oC until 80-90 % confluency was achieved, then the cells were passaged, enabling the maintenance of the 

culture. For passages and subculturing of the cells, they were washed with pre-warmed PBS, and pre-warmed 

0.25 % (w/v) trypsin – 0.53 mM EDTA was added to promote the detachment of the cells. For subculturing, cells 

were recovered by centrifugation for 5-7 minutes at 125 g and resuspended in a determined volume of pre-warmed 

medium. A sample was retrieved and counted using a hemacytometer.   

2. Cytotoxicity assay (indirect contact using transwell inserts)  

The assay was performed for both hydrogel formulations following the ISO-10993-5:2009 guidelines. Samples 

were cut with 7 mm diameter, properly dried in the oven, and sterilized in 5 mL of the different solutions (PBS or 

drug solution). The experiment was done for drug-loaded (with Octiset® or polyhexanide) and non-loaded samples 

(hydrated in PBS). Samples were loaded for 48 h at room temperature. Non-loaded samples were used to assess 

the cytotoxicity of the material without any drug.  

The assay was performed in 12-well plates, and in quadruplicate for each condition. Approximately 1×105 cells 

were seeded in each well in 0.8 mL of DMEM supplemented medium, corresponding to a cell concentration of 

1.25×105 cells/mL. Plates were incubated at 37 oC (humidified with 5 % CO2) for 24 h to promote cell culture and 

obtain a confluent monolayer. After incubation, samples were removed from their respective loading solutions, 

gently blotted, and placed in the transwell inserts in the plates. An extra volume of 200 μL of DMEM supplemented 

medium was added to each insert to cover the sample. 
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Additionally, negative and positive controls were made by supplementing the cells with 1 mL of DMED 

supplemented medium and 1 mL of DMED supplemented medium with 10 % DMSO, respectively. Following the 

conditions mentioned above, the plates were again incubated for 24 h, and the MTT assay was performed. After 

incubation, both the inserts and the medium were carefully removed from the wells, and 300 μL of MTT solution 

(10 % MTT dissolved in serum-free DMEM) was added. Additional controls without cells were also made and 

supplemented with MTT solution. Plates were then incubated for 3 h in the previous incubation conditions.  

After incubation, 600 μL of MTT solvent was added to each well, and the plates were agitated on an orbital shaker 

for 1 h. After approximately 30 minutes, up and down pipetting was done to ensure complete dissolution of MTT 

formazan. After dissolution, 200 μL volume samples were retrieved from each well, and its absorbance was read 

at 595 nm in a spectrophotometer (Platos R 496 Microplate Reader). Cell viability was assessed by calculating the 

cells’ relative quantification by subtracting the absorbance value of the controls without cells and normalizing 

them to the negative control.  
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Chapter 3  

 

Results and discussion 

 

 

3.1 Hydrogel preparation  

Different hydrogel formulations were tested in order to define optimal CS and C compositions. In a first stage, 

drug release kinetics was measured in sink conditions and not in Franz cells. This method was first chosen because 

it is simpler and allows the user to test numerous formulations simultaneously, whereas, in the used Franz cell 

apparatus, only six replicates of the same formulation can be studied simultaneously.  

The release profiles of the initial CS and C formulations revealed that, contrary to what happened with 

polyhexanide release (figure 17), Octiset® release was not controlled and sustained. Given this, the AutoDock 

software was used, as previously described, to identify a functional monomer that could be added to the hydrogel 

formulation in order to improve Octiset® release behaviour. APMA was found to be a promising candidate for 

such purpose. 

Figures 18 and 19 represent the release kinetics of the two active components of Octiset® (2-phenoxyethanol and 

octenidine dihydrochloride) of loaded hydrogels of the CS and C formulations tested in sink conditions, with and 

without the addition of APMA. 

The kinetics show a slightly improved release in the formulations where the APMA functional monomer was 

added. These results were expected from the analysis made with AutoDock. It is also clear that formulation C, 

made with the acid form of casein, has better release results when compared to the sodium salt form, CS, especially 

in the case of octenidine dihydrochloride.  

Given the promising obtained results, it was decided to add APMA to CS and C formulation materials.  

 

 

 

 

 

 

Figure 17 - Polyhexanide release of C and CS formulation samples without APMA. 
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Figure 18 - 2-Phenoxyethanol (Octiset®) release of C and CS formulation samples with and without APMA. 

 

Figure 19 - Octenidine dihydrochloride (Octiset®) release of C and CS formulation samples with and without APMA.  
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3.2 Hydrogel characterization 

3.2.1 Swelling ratio and equilibrium water content 
 

The swelling profiles of the CS and C hydrogels were studied to characterize the ability of the material to absorb 

water and both drug solutions – Octiset® and polyhexanide. The SR and EWC of both sterile and non-sterile 

samples were compared to assess possible changes in the hydrogels’ matrix after sterilization. 

Figures 20, 21 and 22 represent the swelling kinetics of the two formulations in the respective solutions.   

 

 

 

 

 

 

Figure 20 - Swelling profile in DD water of sterile and non-sterile CS (A) and C (B) formulation samples. 

 

 

  

 

 

 

 

Figure 21 - Swelling profile in Octiset® of sterile and non-sterile CS (A) and C (B) formulation samples. 

 

 

 

 

 

 

 

Figure 22 - Swelling profile in polyhexanide of sterile and non-sterile CS (A) and C (B) formulation samples. 
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Regarding the swelling in DD water (figure 20), it is possible to see that both formulations decreased their SR after 

sterilization. The water uptake was particularly rapid, and the hydrogels’ swelling reached equilibrium after 

approximately 100 minutes. It is essential to point out that sterilization induced a significant reduction of the SR 

of the CS material, possibly indicating an increase in the crosslinking degree of the polymer network and inducing 

a tightening of the hydrogels’ matrix. For formulation C, sterilization also decreased the swelling of the material, 

but the change was not so significant. 

Swelling profiles for both drug solutions are present in figures 21 and 22. The equilibrium was again achieved 

rather quickly – after approximately 150 minutes. The sterilization step did not induce significant changes in the 

swelling of the material in the drug solutions. However, a slight increase in the swelling ratio after sterilization 

can be noticed for both formulations and drug solutions. This can indicate an increased affinity of the sterilized 

biomaterial with both drug solutions, resulting in an increase of the swelling capacity of the material both in 

Octiset® and polyhexanide for the sterilized samples. Possible chemical changes could have been induced after the 

sterilization step and therefore contributed to the increase of the SR.   

Figure 23 presents the maximum SR achieved by the material in the tested solutions. High values of SR were 

obtained and similar to those obtained in other studies regarding casein hydrogels [86]. Song et al. also discovered 

a relation between the decrease of the solutions pH and the reduction of the hydrogels swelling capacity on those 

solutions. In a low pH medium, a lower SR may be related to the formation of hydrogen bonds between casein due 

to carboxylic acid groups (-COOH) and hydroxyl groups (-OH). At higher pHs, the carboxylic acid groups become 

progressively ionized (-COO-). The SR increases due to a more significant swelling force induced by the 

electrostatic repulsion between the ionized acid groups [86]. This can help explain the difference in the SR values 

for the swelling in DD water and in the drug solutions for the non-sterile samples. The pH of the solutions was 

measured in the lab. A pH of 7.9 was obtained for milli Q water, a pH of 6.4 for Octiset® and a pH of 7.5 for 

polyhexanide. In fact, the swelling on lower pH solutions was affected by a slight decrease in the SR value. 

 

 

 

 

 

 

 

Figure 23 - Swelling ratio (SR) of sterile and non-sterile CS (A) and C (B) formulation samples. 

 
The samples of both formulations displayed high values of EWC (figure 24). After sterilisation, the slight decrease 

in EWC values can again be related to the possible changes induced by this step in the hydrogel’s structure.  
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Figure 24 - Equilibrium water content (EWC) of sterile and non-sterile CS (A) and C (B) formulation samples. 

 

Oxygen permeability is a very important characteristic that must be present in a wound dressing. Oxygen 

permeability was not measured, given the impossibility of assessing this property in our laboratories.  However, 

many studies have shown that the oxygen permeability coefficient (Dk) values of hydrogels are directly 

proportional to their equilibrium water contents (EWC) [87][88]. In fact, this characteristic was not affected after 

sterilization, which can possibly mean that the hydrogels’ oxygen permeability was not compromised after the 

sterilization step.  

 

3.2.2 Degradation assay 

A controlled degradability of biomaterials is an essential factor to be taken into consideration. A minimal 

degradation is required, especially in the field of wound healing. The degradation rate of a drug-loaded wound 

dressing directly impacts the drug release profile, mechanical stability, and toxicity. A fast degradation rate can 

lead to a burst release of the drug, and consequently, cause cell toxicity [89].   

To measure the hydrolytic degradation, the samples were placed in a PBS solution and, in order to simulate 

conditions in an exudative wound, a degradation test in a solution of PECF-lysozyme solution (1 mg/mL) was also 

performed [90]. Lysozyme is present in high quantities in highly exudative wounds. In infected wounds, its 

concentration is even higher because this particular enzyme is directly related to the immune system's ability to 

defend itself against pathogenic bacteria. Therefore, a direct relationship exists between the existence of this 

enzyme and chronic wounds [91]. Cutting et al. also pointed out lysozyme as one of the main components of 

wound exudate [92]. 

The values obtained for the weight loss of dry samples in PBS and PECF+lysozyme solutions at 34oC are presented 

in figures 25 and 26, respectively.  

 

 

 

0

10

20

30

40

50

60

70

80

90

100
%

E
W

C
 (

E
Q

U
IL

IB
R

IU
M

 W
A

T
E

R
 

C
O

N
T

E
N

T
)

Non-sterile sample Sterile sample

0

10

20

30

40

50

60

70

80

90

100

%
E

W
C

 (
E

Q
U

IL
IB

R
IU

M
 W

A
T

E
R

 

C
O

N
T

E
N

T
)

Non-sterile sample Sterile sample

B A 



41 

 

Figure 25 - Hydrolytic degradation of CS (A) and C (B) formulation samples after 24 h and 48 h. 

 

 

 

 

 

 

 

Figure 26 - PECF+lysozyme (1mg/mL) degradation of CS (A) and C (B) formulation samples after 24 h and 48 h. 

 

Regarding hydrolytic degradation, both formulations presented very low weight loss percentages. For formulation 

CS, values of around 1.59 % and 1.97 % correspond to degradation times of 24 h and 48 h, respectively. On the 

other hand, formulation C materials displayed slightly lower values with around 0.89 % weight loss in 24 h and 

1.27 % in 48 h. The weight loss increased with the exposure time, and it can be concluded that the exposure time 

is relevant for the degradation of the material. However, even at 48 h time, the hydrolytic degradation was not 

significant for either formulation. Moreover, lower weight loss percentages of the C formulation can be linked to 

a slightly more crosslinked hydrogel when compared to the CS formulation. Other authors found that disruption 

of the polymeric structures decreases when the degree of crosslinking increases [93].  

The degradation values for hydrogels of formulation CS exposed to the PECF+lysozyme solution were around 

5.01 % and 5.45 % at 24 h and 48 h, respectively. Formulation C materials displayed slightly lower values: about 

4.30 % weight loss in 24 h and 4.94 % in 48 h. As expected, the degradation values of hydrogels exposed to the 

simulated exudate solution with lysozyme are more significant than the hydrolytic degradation ones. Again, higher 

weight loss percentages are associated with CS formulation and with an increase in exposure time. Even so, these 

weight loss percentages are not significant for their application as possible WDs. 
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3.2.3 SEM 

SEM images of both formulations were obtained under x100, x3000, and x5000 magnifications, but only x3000 

and x5000 magnifications are shown in figures 27 and 28. Images of sterilized and non-sterilized samples are 

placed side by side to facilitate the identification of the main changes present in the material’s surface morphology 

after the sterilization step.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27 - SEM images taken at magnification x3000 and x5000 respectively of sterile and non-sterile CS formulation 

samples. 
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Figure 28 - SEM images taken at magnification x3000 and x5000 respectively of sterile and non-sterile C formulation 

samples. 

For both CS and C materials, it is possible to identify an irregular lacy surface in the non-sterile samples that 

initially seem porous.  

When comparing the surface morphology between sterile and non-sterile samples, it is possible to notice some 

changes. Pressure and temperature, associated with autoclave sterilization, have affected the materials’ surface and 

potentiated the lacy and porous like appearance to disappear. These differences are possibly linked to modifications 

in the polymeric chains induced upon sterilization.  

On the other hand, these changes were not reflected in the material’s ability to swell, as the SR for sterile samples 

did not present significant differences. In fact, the swelling ratio of sterile samples in the drug solutions increased 

slightly. Possibly, this increase in the SR is linked with possible chemical alterations potentiated by sterilization. 

It would be beneficial, in future work, to perform a chemical analysis of the samples (e.g. Fourier Transform 

Infrared Spectroscopy (FTIR)) as a way of studying and identifying the changes that sterilization induced in the 

biomaterial.  

Cross-section images of both formulations’ materials were also obtained and are present in figures 29 and 30. 

These images show that the surface of the materials is non-porous. What initially seemed to be porous in the 

surface of the non-sterile samples are in fact only small lumps on the samples that are not present in its 

cross-section.    
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Figure 29 - SEM images of the material’s cross-section taken at magnification x40 and x500 respectively of sterile and non-

sterile CS formulation samples. 

 

 

 

 

 

 

 

 

 

 

 

Figure 30 - SEM images of the material’s cross-section taken at magnification x40 and x500 respectively of sterile and non-

sterile C formulation samples. 
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3.2.4 Mechanical tests 
 

Wound dressings should be stress-resistant to endure the usual stress during application and handling. Therefore, 

adequate strength, stiffness and flexibility are needed [94].   

Non-loaded (hydrated in DD water) and drug-loaded sterile and non-sterile samples were tested to assess if the 

hydrogel’s mechanical properties were compromised when loading them with the drug solutions and after 

sterilization.  

Values of Young modulus and toughness were determined at a deformation range between 0-20%, where stress 

and strain are proportionally dependent, and the curve presents a linear form. Figures 31 and 32 illustrate the 

stress-strain curves of the non-loaded and Octiset® loaded samples, as well as non-loaded and polyhexanide loaded 

CS samples, respectively. Young modulus and toughness values are shown in figure 33. 

 

 

 

 

 

 

 

 

Figure 31 - Material behaviour under tension stress of non-loaded and sterile and non-sterile Octiset® loaded CS formulation 

samples. The maximum error bar is shown. 
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Figure 32 - Material behaviour under tension stress of non-loaded and sterile and non-sterile polyhexanide loaded CS 

formulation samples. The maximum error bar is shown. 

 

 

 

 

 

 

 

Figure 33 - Young modulus (A) and toughness (B) values measured in the strain range 0-20% of non-loaded and drug-loaded 

sterile and non-sterile CS formulation samples. 

 

For formulation CS, it is possible to identify a significant difference between the non-loaded and drug-loaded 

material. The non-loaded samples present a lower Young modulus and toughness comparing with the drug-loaded 

ones. This implies a slightly more elastic behaviour for the non-loaded material, which agrees with the higher SR 

obtained for the CS hydrogels in water.  

Sterilization seems to have affected the drug-loaded CS samples. Both Young modulus and toughness decreased 

for sterile samples, indicating that autoclave sterilization may have potentiated less stiff materials. This can 

possibly be linked to cleavage of linking at high temperatures. 

Figures 34 and 35 present the stress-strain curves of the non-loaded and Octiset® loaded samples and non-loaded 

and polyhexanide loaded C samples, respectively. Young modulus and toughness values are shown in figure 36.  
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Figure 34 - Material behaviour under tension stress of non-loaded and sterile and non-sterile Octiset® loaded C formulation 

samples. The maximum error bar is shown. 

 

 

 

 

 

 

 

Figure 35 - Material behaviour under tension stress of non-loaded and sterile and non-sterile polyhexanide loaded C 

formulation samples. The maximum error bar is shown. 

 

 

 

 

Figure 36 - Young modulus (A) and toughness (B) values measured in the strain range 0-20% of non-loaded and drug-loaded 

sterile and non-sterile C formulation samples. 
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The non-loaded and drug-loaded samples of C formulation present roughly the same values for Young modulus 

and toughness. Unlike CS formulation, the Octiset® loaded samples were not affected by the sterilization step. As 

for polyhexanide loaded ones, sterilization induced a slight but not significant decrease in the Young modulus.  

Comparing both formulations, it is possible to state that similar values regarding the Young modulus and toughness 

were obtained for both materials. When comparing the Young modulus values obtained to the ones present in the 

literature for chitosan dressings for the same applications, it is possible to assess that the produced material presents 

a lower modulus, indicating the presence of a more elastic and manageable material [95] [96].  

Jianyu Xu et al. investigated a milk casein protein model introduced into a polyacrylamide (PAAm) hydrogel. In 

their studies, their material demonstrated good mechanical properties [54]. On the other hand, when compared 

with the values obtained for the developed CS and C formulations, it is possible to conclude that the material 

developed in this thesis is more elastic. It is also important to point out that for the developed CS and C hydrogels, 

mainly elastic deformation is present, meaning that the hydrogel structure remains practically unaltered after 

applying force. 

 

3.3 Drug loading and release  

For drug release assays, sterile and non-sterile samples of both formulations were studied using the system of 

Franz cells. Additionally, through the methanol extraction assay, it was possible to determine the amount of drug 

loaded into the material and assess the percentage of drug that was not released. 

Regarding formulation CS, figures 37 and 38 display the results for 2-phenoxyethanol and octenidine 

dihydrochloride release (Octiset® active components), while figure 39 presents the results obtained with the 

methanol extraction assay.  

 

 

 

 

 

 

 

 

 

 

 

Figure 37 - 2-Phenoxyethanol (Octiset®) release from sterile and non-sterile CS formulation samples. 
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Figure 38 - Octenidine dihydrochloride (Octiset®) release from sterile and non-sterile CS formulation samples. 

 

 

 

 

 

 

 

 

 

Figure 39 - Percentage of Octiset® components released and not-released after 48 h, assessed through the methanol 

extraction assay of CS formulation samples. (A) 2-phenoxythanol and (B) octenidine dihydrochloride. 

 

Figure 40 displays the results for polyhexanide release, and figure 41 presents results obtained with the methanol 

extraction assay for the CS formulation hydrogels. 
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Figure 40 – Polyhexanide release of sterile and non-sterile CS formulation samples. 

 

 

 

 

 

 

 

 

 

Figure 41 - Percentage of polyhexanide released and not-released after 48 h, assessed through the methanol extraction assay 

of CS formulation samples. 
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compromise the interaction between the drugs and the material’s polymeric matrix.  
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were released in 48 h. Polyhexanide also showed a very high percentage of drug released – approximately 89 %. 

These percentages could possibly increase if the release studies were prolonged after the 48 h time point. 

Regarding formulation C, figures 42 and 43 display the results for the release of Octiset® active components, and 

figure 44 presents the results obtained from the methanol extraction assay.  

 

Figure 42 - 2-Phenoxyethanol (Octiset®) release from sterile and non-sterile C formulation samples. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 43 – Octenidine dihydrochloride (Octiset®) release from sterile and non-sterile C formulation samples. 
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Figure 44 - Percentage of Octiset® components released and not-released after 48 h, assessed through the methanol 

extraction assay of C formulation samples. (A) 2-phenoxythanol and (B) octenidine dihydrochloride. 

 

Figure 45 displays the results for polyhexanide release, and figure 46 presents the results of the methanol extraction 

assay for the C formulation samples. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45 - Polyhexanide release of sterile and non-sterile C formulation samples. 
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Figure 46 - Percentage of polyhexanide released and not-released after 48 h, assessed through the methanol extraction assay 

of C formulation samples. 

 

Concerning formulation C, the release kinetics for both drugs are controlled and sustained for 48 h, similar to what 

was obtained for the other formulation. Again, there also appears to be a slight increase in the release after 48 h, 

which potentiates the fact that these hydrogels can release the studied drugs in a controlled and sustained matter 

for more than 48 h. Sterilization did not significantly affect the release profiles for both drugs.  

The majority of drug loaded into the formulation C material was released in 48 h. For Octiset® loaded samples, 

around 74 % of the 2-phenoxyethanol and about 81 % of octenidine dihydrochloride loaded into the material were 

released, while, for polyhexanide, the percentage of release was approximately 83 %. 

Figure 47 compares the release kinetics of both sterile hydrogel formulations loaded with the respective drug 

solutions.  

 

Figure 47 - Release curves for sterile CS and C formulations samples loaded with the studied drug solutions. 

83%

17%

Released Not-released

0

20

40

60

80

100

120

140

160

180

200

0 10 20 30 40 50

C
u
m

u
la

ti
v
e 

m
as

s 
re

le
as

e 
(u

g
/m

g
 d

ry
 d

re
ss

in
g
)

Time (h)

CS 2-

phenoxyethanol

C 2-

phenoxyethanol

CS octenidine

dihydrochloride

C octenidine

dihydrochloride

CS

polyhexanide

C polyhexanide



54 

 

Nan-Nan Li et al. developed biocompatible composite casein and oxidized hyaluronic acid hydrogels for controlled 

drug release [53]. In drug release experiments, the drug was encapsulated in situ in the hydrogel matrices during 

gelation. The obtained release profile was promising, however, less controlled and sustained when compared with 

the one obtained for CS and C formulation materials, where the drugs were loaded through the soaking method. 

Additionally, the obtained SR values in this review are inferior to those obtained for CS and C formulation 

materials.  

 

3.4 Antibacterial properties 

Antimicrobial assays were performed in order to assess the non-loaded and drug-loaded material’s ability to inhibit 

bacterial growth. Staphylococcus aureus ATCC 25923 (Gram-positive) and Pseudomonas aeruginosa ATCC 

15442 (Gram-negative) were chosen because the literature review stated that both drugs were effective against 

these bacteria [97][98][99][100], and two assays were performed: Agar diffusion test and turbidimetry assays. 

 

3.4.1 Agar diffusion tests 

Non-loaded samples (hydrated with PBS) and drug-loaded ones (with Octiset® or polyhexanide) of both 

formulations were placed on the agar plates where bacteria were grown. 

After 24 h of incubation, it was possible to detect halos formation around some of the tested samples. Figures 48 

and 49 display the obtained results.  

 

 

 

 

 

 

 

 

 

 

Figure 48 - Agar plates with Staphylococcus aureus and Pseudomonas aeruginosa after 24 h of incubation with CS 

formulation samples. Samples on the top row (left to right): loaded with Octiset® and hydrated with PBS. Sample on the 

bottom row: loaded with polyhexanide. 
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Figure 49 - Agar plates with Staphylococcus aureus and Pseudomonas aeruginosa after 24 h of incubation with C 

formulation samples. Samples on the top row (left to right): loaded with Octiset® and hydrated with PBS. Sample on the 

bottom row: loaded with polyhexanide. 

 

By carefully analysing the results, it is clear that the non-loaded material did not have any antimicrobial capacity 

in either of the formulations, implying that the material itself is not antibacterial. One can even say that bacterial 

growth near the borders of the non-loaded samples increased since it is possible to notice a more intense yellow 

colour surrounding the disks, especially in Staphylococcus aureus’ agar plates. This effect may possibly be linked 

to the material’s casein formulation because it is highly probable that, being a protein, casein enhances bacterial 

growth. 

Concerning Octiset® loaded samples of both CS and C formulations, inhibition halos are present for the two 

bacterial strains. These results are compatible with what is present in the literature regarding octenidine 

dihydrochloride efficacy against Staphylococcus aureus [97] and Pseudomonas aeruginosa [98]. 

Polyhexanide loaded hydrogels of both formulations also present efficacy against the two tested bacteria, again 

with the presence of inhibition halos. Literature review regarding polyhexanide antimicrobial action also 

confirmed the obtained results [99] [100]. 

 

3.4.2 Turbidimetry 

The antibacterial activity of the materials was also determined by measuring the absorbance of the solutions 

containing each of the tested bacterial strains after incubation with non-loaded and drug-loaded samples of both 

formulations.  

After the 24 h incubation time, it is possible to detect differences in the absorbance values for each condition. 

Figures 50 and 51 represent the obtained results.  
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Figure 50 - Relative values of the absorbance (at 630 nm) of the incubation solutions containing Staphylococcus aureus and 

Pseudomonas aeruginosa and CS non-loaded and loaded samples. Positive (C+) and negative (C-) controls are also present. 

 

 

 

 

 

 

 

 

Figure 51 - Relative values of the absorbance (at 630 nm) of the incubation solutions containing Staphylococcus aureus and 

Pseudomonas aeruginosa and C non-loaded and loaded samples. Positive (C+) and negative (C-) controls are also present. 

 

Similarly to what was obtained in agar diffusion tests, non-loaded samples appeared to present no antibacterial 

properties against the tested bacteria. For both formulations, the absorbance values of the wells containing PBS 

hydrated samples were as significant and similar to those where only medium and bacteria were present.  

Regarding formulation CS, high antimicrobial activity against Staphylococcus aureus and Pseudomonas 

aeruginosa was observed, although polyhexanide loaded samples appeared to be more effective against both 

bacterial strains.  

For formulation C, Octiset® loaded hydrogels appear to be slightly more effective against Staphylococcus aureus, 

while polyhexanide loaded ones have higher efficacy regarding Pseudomonas aeruginosa. 
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3.5 Biocompatibility tests 

3.5.1 Irritation assay (HET-CAM) 

Despite HET-CAM being a highly used and well-established prediction model for eye irritation, it can also be 

performed in order to evaluate the irritability of a novel wound care system.  

Sterilized non-loaded and drug-loaded samples of both formulations were tested. The samples were placed directly 

on the chorioallantoic membrane of the eggs, and it was checked after 5 minutes for any signs of lysis, 

haemorrhaging or coagulation. Figures 52, 53 and 54 display the obtained results. 

 

 

 

 

 

 

 

 

Figure 52 - Chorioallantoic membrane images after 5 min contact with (from left to right): CS formulation samples hydrated 

with PBS (non-loaded samples), loaded with Octiset® and loaded with polyhexanide. 

 

 

 

 

 

 

 

 

Figure 53 - Chorioallantoic membrane images after 5 min contact with (from left to right): C formulation samples hydrated 

with PBS (non-loaded samples), loaded with Octiset® and loaded with polyhexanide. 
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Figure 54 - Chorioallantoic membrane images after 5 min contact with (from left to right): On the left 300 μL of 0.9 % 

(negative control) NaCl and on the right 5 M NaOH (positive control). 

 

Regarding the negative control, as expected, no lysis, haemorrhage or coagulation was detected on the CAM. On 

the other hand, positive control results displayed extensive haemorrhaging.  

The results were very similar for both formulations. Non-loaded samples did not show any reaction when in contact 

with the membrane. This leads to the conclusion that the material alone is not irritant. Membranes in contact with 

Octiset® loaded samples presented a slight irritation, while polyhexanide loaded ones do not show any sign of 

CAM irritation.  

 

3.5.2 Hemocompatibility 
 

Dressing materials can be in contact with several body fluids, namely blood and wound exudate. Therefore, it is 

important to have a material with hemocompatibility properties to avoid activating an undesired immune response. 

Erythrocytes are the blood's most rigid cells, yet they are also susceptible to lysis by shear stress and osmotic 

pressure fluctuations. The hemolytic ratio reproduces the interaction strength between the material and the blood 

cells. Consequently, an in vitro hemolysis assay is considered a reliable and straightforward assessment for 

determining blood biocompatibility of materials.  

A hemolysis index lower than 5 % corresponds to a highly hemocompatible material. Within 10 % hemolysis, the 

material is considered hemocompatible, and for a hemolysis ratio higher than 20 %, the material is regarded as 

non-hemocompatible [101][102].  

Table 2 presents the obtained results regarding the hemolysis ratio.  

 

Table 2 - Hemocompatibility assay results regarding the hemolysis ratio. 

Formulation Hemolysis ratio (%) 

CS 0.4 ± 0.1 

C 0.3 ± 0.1 
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For both formulations, the hemolysis ratio was lower than 5 %. Therefore, it can be concluded that the material of 

both formulations is highly hemocompatible.  

 

3.5.3 Cytotoxicity 

 

The cytotoxicity assay is an essential test to be performed in order to assess the material’s toxicity. This assay is 

especially important in biomaterials made to be in contact with wound tissue, like wound dressing materials. In 

wound dressings, cytotoxic effects would impair the viability, proliferation, and migration of cells involved in 

wound healing, lowering the healing rate [103]. The assay was carried out by immersing non-loaded and 

drug-loaded samples in wells containing culture medium and a confluent monolayer of NIH/3T3 fibroblasts 

(previously sub-cultured). Plates were incubated for 24 h, and then the MTT assay was performed.  

The MTT assay allows the measurement of cellular metabolic activity as an indicator of cell viability. This 

colourimetric assay is based on the redox potential of viable cells, which reduces the MTT solvent to an intensely 

pigmented formazan product [104]. 

The obtained cell viability results are presented in figure 55. 

 

 

 

 

 

Figure 55 – Fibroblasts’ cell viability after growth in culture medium with non-loaded and drug-loaded CS (A) and C (B) 

formulation samples. 

 

It is important to point out that, for the material to be considered non-cytotoxic, cell viability must be above 70 % 

(ISO 10993-5:2009). Negative control represents a scenario where 100 % viability is obtained, and the positive 

control is associated with cytotoxic values.   

The results obtained for both hydrogel formulations show that the non-loaded materials are not cytotoxic: around 

93.2 % of cell viability for CS and 96.7 % for C materials.  

Regarding Octiset® loaded samples, cell viability values are 78 % for CS, and 70.5 % for C, demonstrating that 

both formulations may be considered non-cytotoxic. These results are compatible with the ones found in literature 

where Octiset® is vastly used in wound treatment. Clinical and experimental evidence shows that 

octenidine-containing products can improve and potentiate the healing of many different wound types without 
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compromising wound healing and not producing clinically significant cytotoxicity [105]. Octenidine 

dihydrochloride is also well-tolerated, has no side effects and is not absorbed systemically [106]. 

Polyhexanide loaded samples also display non-cytotoxic values with 82.4 % cell viability for CS formulation and 

72.5 % for C formulation. Again, there is a similarity with literature reports where polyhexanide shows no 

cytotoxic characteristics and demonstrates safety, efficacy, and tolerability  [107].  
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Chapter 4  

 

Conclusions and future work  

 

Chronic wound care treatment is directly related to the consumption of many healthcare resources globally, 

representing a significant percentage of the medical expenses. So, improving wound dressings is beneficial and 

will potentially allow a more cost-effective manner of managing wounds. Hydrogel dressings are vastly used in 

wound care treatment and have many advantages.  

The main goal of the present work was to investigate the possibility of developing novel casein hydrogel dressings 

to treat chronic wounds. Additionally, these dressings were loaded with antiseptics, aiming to achieve a more rapid 

and efficient approach in wound care treatment. Two casein hydrogel formulations were tested: casein sodium salt 

(CS formulation) and acid casein (C formulation). After optimizing both formulations, the next step was to analyse 

the material’s properties regarding their swelling, degradation, morphology, and mechanical properties. Drug 

release experiments were used to obtain the release capacity of the material, and further antimicrobial and 

biocompatibility tests were performed. Sterilization comprises an essential step in the development of novel wound 

care materials. For this work, autoclave sterilization was the selected method, and, to analyse if it compromised 

any of the materials’ characteristics, sterile materials were always compared with non-sterile ones.  

Regarding the swelling capacity, high values of swelling were obtained for both formulations. It is important to 

point out that high EWC values are usually associated with high oxygen permeability [87][88], which is an 

essential feature of the dressing materials because most infected wounds have pathogenic bacteria which thrive in 

an anaerobic environment. Therefore, a dressing with antiseptic action must be permeable to oxygen to contribute 

to the inactivation of bacterial growth. Given the impossibility of measuring the oxygen permeability of the studied 

formulations in the laboratory, it may be expected that they will be adequate from the obtained high values for SR.   

Degradation assays revealed minimal material degradation. This is a very positive point, especially regarding 

biomaterials made to be in contact with biological tissues.  

Concerning the materials’ mechanical properties, sterilization did not seem to impact the hydrogels’ stiffness for 

both formulations. The values obtained correspond to a very elastic material, even after autoclave treatment.  

Controlled drug release was possible for at least 48 h, with both formulations and sterilization did not seem to 

affect the release profiles. Both antiseptic loaded materials presented good antimicrobial properties against the 

studied bacteria, revealing that the material could in fact be used to prevent possible bacterial growth in the wound 

bed while facilitating its healing. Biocompatibility assays revealed that the hydrogels are non-irritant, highly 

hemocompatible and non-cytotoxic.  
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After all the assessments made, it is possible to conclude that both formulations constitute promising wound 

dressing materials.  

Further studies can be made to optimize the material’s characteristics. It would be important to properly measure 

the materials’ oxygen permeability since it is such an important feature. Moreover, drug release experiments could 

eventually be measured until the 72 h time point to assess the hydrogels’ capacity to release the studied drugs for 

longer periods of time. It would also be interesting to attempt to include a colorimetric marker in the hydrogel’s 

formulation, making possible the identification of an infection by a colour change in the material associated with 

pH changes [108].  

Additionally, it would be essential to do in vivo trials in order to understand how the wound would heal with the 

assistance of these hydrogels and to evaluate if they are in fact more beneficial for wound healing than other 

commercial hydrogels.  
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