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Abstract 

 

Wound dressings are important to avoid contact of wounds with the external environment that may lead 

to microbial infection. Drug loaded wound dressings, besides providing a protection barrier, may be 

capable of accelerating the wound healing process. Chitosan is one of the most promising materials for 

wound dressings, due to its good biocompatibility, low toxicity and antibacterial activity. However, one 

disadvantage of chitosan-based dressings is their weak resistance to sterilization, which is mandatory to 

decrease the risk of contamination. The main goal of this work is to produce efficient chitosan-based 

hydrogels that may be used as drug-release platforms and to choose the best sterilization method, 

depending on its effects on the material. Three different chitosan based dressings were produced, 

AbsorKi®, HemoKi and HidroKi®, and were loaded with Polyhexamethylene and chlorhexidine. Steam and 

pressure, high hydrostatic pressure (HHP) and gamma radiation were tested as the sterilization methods. 

Since HHP is a relatively new sterilization method, its efficiency was first evaluated. Possible changes in 

the physical properties (swelling, mechanical properties, wettability and morphology) of the materials and 

the drug release profiles due to sterilization were studied. Overall, all sterilization methods induced 

changes in the physical properties and the drug release profiles. In the case of HHP, a general 

improvement of the dressing’s properties was achieved. The antimicrobial activity of the drug-loaded 

dressings, after being sterilized with the method that led to the best results in terms of drug release 

profiles and physical properties, was assessed. All dressings were able to kill the majority of the 

microorganisms that were evaluated.  

 

Keywords: wound dressings, chitosan, drug delivery, HHP, steam and pressure, gamma radiation 

 

 

 

 

 

 

 

 

 

 

 



IV 
  

Resumo 

Os pensos dérmicos são importantes para evitar o contacto das feridas da pele com o ambiente 
atmosférico, o que pode conduzir a infecções microbianas. Os pensos dérmicos para libertação controlada 
de fármacos, além de fornecerem uma barreira de proteção, podem acelerar o processo de cicatrização. 
O quitosano é um dos materiais mais promissores para estes dispositivos, devido à sua boa 
biocompatibilidade, baixa toxicidade e atividade antibacteriana. No entanto, uma desvantagem dos 
pensos dérmicos à base de quitosano é sua fraca resistência à esterilização, que é obrigatória para 
diminuir o risco de contaminação. O principal objetivo deste trabalho foi produzir hidrogéis eficientes à 
base de quitosano que possam ser utilizados como plataformas de libertação controlada de fármacos e 
escolher o melhor método de esterilização, dependendo de seus efeitos no material. Foram produzidos 
três pensos à base de quitosano: AbsorKi®, HemoKi e HidroKi®, que foram carregados com 
poliexametileno e clorexidina. Como métodos de esterilização testaram-se: vapor e pressão, alta pressão 
hidrostática (APH) e radiação gama, tendo a eficiência da APH sido avaliada em primeiro lugar devido ao 
grau de novidade. Estudaram-se possíveis alterações nas propriedades físicas (inchamento, propriedades 
mecânicas, molhabilidade e morfologia) dos materiais e nos perfis de libertação do fármaco devido à 
esterilização, tendo-se concluído que todos os métodos de esterilização causaram alterações nas duas 
questões analisadas. No caso da APH, obteve-se uma melhoria geral das propriedades dos pensos. Foi 
avaliada a atividade antimicrobiana dos pensos para libertação controlada de fármaco, depois de 
esterilizados com o método que levou aos melhores resultados no que diz respeito ao perfil de libertação 
do fármaco e às propriedades físicas. Todos os pensos conseguiram matar a maioria dos microrganismos 
que foram avaliados. 

Palavras-chave: pensos dérmicos, quitosano, libertação controlada de fármaco, APH, vapor e pressão, 
radiação gama. 
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The experiments for the characterization of the developed materials, namely swelling, wettability, 

HET-CAM test, and the drug loading and release took place in the chemistry lab 02.6.6 at Instituto Superior 

Técnico. All the tests regarding the mechanical properties of the hydrogels were carried out in the Materials 

and Nanotechnologies Laboratory while the Scanning Electron Microscopy was done in the Electron 

Microscopy Laboratory at Instituto Superior Técnico. The antimicrobial activity of the drugs was performed 

at Instituto Superior de Ciências da Saúde Egas Moniz and the sterility tests were conducted in the 

Laboratory of Applied Microbiology at Egas Moniz (LMAEM).  

The sterilization by steam and pressure was done in the Laboratory of Biomolecular Engineering 
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(HHP) was conducted in the University of Aveiro and the sterilization by Gamma radiation was performed 

in the Center of Nuclear Sciences and Tecnologies (C2TN) of Instituto Superior Técnico.   
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1 

 

Introduction: 

The main objective of this work was to obtain efficient and safe chitosan based drug loaded wound 

dressings. Ideally, these dressings during the healing process should create a moist environment, absorb 

excess exudate, allow gaseous exchange and be removed easily without causing trauma to the skin. 

Chitosan was used for the production of this type of wound dressings since it is a compound known for its 

biocompatibility, low toxicity, haemostatic and antibacterial activity. In addition, chitosan-based materials 

are versatile drug delivery vehicles that may be used for the local release of specific molecules.  

Since these dressings are in direct contact with the wound it is very important to ensure that after their 

production they will be sterilized and the risks of infection are reduced. Even though, hydrogels may be 

sterilized by conventional methods, such as exposition to gamma irradiation, steam or chemical agents, 

they may be affected due to the formation of toxic residues and/or significant changes on the chemical, 

physical and mechanical properties of the hydrogels.  

Moreover, sterilization can affect not only the hydrogel but also the drug release profile and the drug 

activity. Several studies indicated that the combination of the drug/hydrogels can be affected in different 

ways by sterilization.  

Therefore, the best conditions of sterilization were explored in order to maintain adequate materials 

properties, the activity of the drugs and achieve the desired drug release profiles. 
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1.1 Origin and classification of wounds 

Wounds are injuries that break the continuity of any bodily tissue. A wound might be caused either by 

a physical act, such as a fall, or by a surgical procedure, by an infectious disease or by an underlying 

condition. Depending on the time of the healing process, wounds can be classified in two categories as 

acute and chronic, respectively. Those classified as acute wounds are injuries of the skin that happen 

suddenly and heal within the predictable and expected amount of time according to the normal healing 

process without any complication. Those classified as chronic wounds occur when acute wounds fail to 

heal within the expected time frame for each type of wound or require longer healing time. Often there might 

have some complication during the healing process 2-3.  

Wounds can also be open and closed. When the skin is broken the underlying tissue or organs are 

exposed to the outside environment the wound is called open. This situation has additional hazards, since 

the tissues might be infected by foreign organisms or material, such as bacteria and dirt, which may give 

rise to serious local or general complications from the infection. Furthermore, if the damage in the skin is 

large, the resulting exposure of the wounded tissues to the drying and cooling effects of the air may increase 

the damage4. 

Closed wounds have damage that occurs without exposing the underlying tissue and organs to the 

outside environment since the skin surface is intact. Therefore, tissue damage and bleeding occur below 

the skin surface. The severity level of the closed wound depends on the force of the blow. A relatively slight 

blow may damage the skin and underlying soft tissues, which results into the seeping of blood and other 

fluids through the walls of damaged capillaries, causing the area to swell and change color forming bruises 

or contusion. A more forceful blow may damage not only any of the underlying tissues, such as bones or 

joints, but also can injure larger blood vessels and deeper layers of muscle tissue, which might potentially 

result in heavy bleeding beneath the skin and damage to internal organs5. 

The origin of a wound may be internal or external. In internal wounds can be observed a disturbance 

of the different regulating systems of the human body, which can lead to wound formation, and may include 

the following:  a) Neuropathy, which is mostly seen in cases of prolonged uncontrolled diabetes mellitus. 

The patients usually are not aware of the trauma or the wound due to loss of sensation in the affected area. 

b) Impaired circulation, which can be caused either by ischemia, where narrowed or blocked blood vessels 

leads to poor circulation, or stasis, where the blood fails to flow normally to the heart due to movement 

difficulties or failure of the regulating valves in the veins. c) Medical illness, when chronic diseases, such 

as arthrosclerosis, diabetes mellitus, AIDS etc., can lead to failure of the immune system functions, reducing 

the circulation and damaging other organs and systems2. 

In external wounds can be included both open and closed wounds. There are five different types of 

open wounds: a) Abrasions, which occur when the skin rubs or scrapes on rough surface or a smooth 

surface at high speed. b) Incisions are most likely the result of a surgical procedure or skin cut with a sharp 

object, such as knifes. Depending on the depth and site of the wound, an incision can cause serious 

damage to tissues or organs. c) Lacerations are tear-like wounds usually deeper than abrasions and cause 

more bleeding. Generally, are caused by trauma, hard blows or accidents. d) Punctures are small rounded 

wounds caused by nails, needles, or teeth. The size of the wound and the bleeding are related to the size 

and the force of the causative object. e) Avulsions, are partial or complete tearing away of skin and tissue 

and might be caused from explosions or accidents. Compared to abrasions they are more severe. In case 

of closed wounds there are three types: a) Contusions are the most common type of sports injury. Blunt 

traumas which can damage the small blood vessels and capillaries, muscles and underlying tissue, as well 

the internal organs or bone. Contusions show as a painful bruise with red and blue color that spreads over 

the injured area of skin. b) Hematomas, include anything that can damage small blood vessels resulting to 

the formation of blood pools. Usually, hematomas are painful and their size varies, deep inside or near the 

surface of the skin. c) Crush injuries, are usually caused by an external high-pressure force that squeezes 
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part of the body between two surfaces. The injuries can be either minor, including just a bruise, or lead to 

total destruction of the crushed area2.  

1.2 Strategies for controlled drug delivery during wound healing process 

Wound healing is a very complex process and one of the major risks that can occur is contamination 
of the wound in any of the four stages of healing (Figure 1.1). It may occur at the moment of injury or at any 
time thereafter until healing is complete. In the case of bacterial contaminations, the type of contaminant is 
the most important factor. To avoid contamination, drug delivery systems for wound healing applications 
have been developed. The objective of these devices is to achieve successful therapies at the right 
amounts, avoiding potential under-and overdose. Through the control of drug delivery, the levels of drug 
diffused are kept within a desired limit and the therapeutic compounds are released directly in the desired 
zone and during the required period of time. Therefore, the need for drug administration is decreased. Over 
the years several strategies have been developed in order to obtain biomaterial-based drug delivery 
systems and some of these systems are presented below:  

 

 Particles constitute an extensively studied vehicle of drug delivery which has several advantages. 
Regarding wound healing applications, particles can be injected by fine-gauge needle into the 
healthy tissue around the wound and not compromise healing by interfering with the wound bed. 
Also, they might be tuned through a diversity of parameters to have complex release profiles that 
cannot be achieved by other strategies6.Numerous studies focus on controlled drug delivery 
through polymeric particles. Depending on their size, which ranges between micro- to 
nanoparticles, these particles can either release the encapsulated drug into the interstitial fluid after 
injection (in the case of microparticles), or cross the cell membrane and deliver the drug directly 
into the cytoplasm of the cell (nanoparticles) (Mundargi et al., 2008). Not only polymeric particles 
are used as drug vehicles, but also lipidic particles. 

 Scaffolds are structures which provide support and allow body tissues to regenerate. They can be 
porous materials which are implanted in situ. Controlled drug delivery can be accomplished through 
physical or chemical adsorption of the drug onto the surface of the scaffold, encapsulating the drug 
within the scaffold, or by incorporating drug delivery systems on the scaffold. The drug is released 
either by diffusion or by degradation of the encapsulated drug or the scaffold itself. The amount of 
released drug and the duration of the release can be controlled by changing the composition of the 
material matrix (scaffold) or the methods of drug incorporation. Drug release duration can be tuned 
also by coating the scaffold with a substrate that binds cells or drugs7. 

 Hydrogels are commonly used for the production of wound dressing because they can incorporate 
therapeutic molecules in several ways. Once the hydrogel wound dressing is in contact with another 
fluid it gets swollen until equilibrium, releasing the encapsulated drug. Another strategy to control 
drug release from hydrogel is to create chemical bonds between the polymer chains of the hydrogel 
and the drug molecules. High or moderate affinity interactions can slow down the drug diffusion 
through the network. This approach is important when small drug molecules, which are below the 
tunable range of the matrix size, need to be delivered, since they would be released rapidly in a 
different way4.. The are many methods to obtain high affinity interactions between the drug and the 
matrix, such as physical and chemical bonding. Physical bonding may include hydrogen bonding 
or electrostatic and hydrophobic interactions, whereas chemical bonding might include crosslinking 
with chemical agents. A widely used natural crosslinking agent is genipin, which is naturally 
occurring, obtained from the fruits of the plant Gardenia jasminoides Ellis. Genipin is a 
biodegradable molecule with low cytotoxicity and when it reacts spontaneously with amino acids 
produces a dark blue/green pigment8. 

 Coacervates are a new class of drug delivery vehicles developed for controlled delivery of small 
drug molecules. They are micro- to nanometer sized liquid droplets which resemble an emulsion, 
except that they do not necessarily require organic9. An interesting characteristic is their high 
loading capacity and the fact that they form by self-assembly in an aqueous medium. Upon 
encapsulation within the coacervate phase, drugs are separated and protected from the 
surrounding environment, thus, preserving their bioactivity. Coacervates are soft and deformable 
which allows them to remain in wound without impeding the massive influx of cells and growth 
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factors10. Coacervates can be encapsulated in hydrogel membranes and advanced wound 
dressings.  

 

Figure 1.1: Stages of wound healing. The first stage is the Bleeding, second is the Inflammation, third the 

Proliferation and the final is the Remodeling stage where the wound is healed. Adapted from 

https://www.quora.com/Is-it-normal-to-bleed-from-a-first-degree-burn-wound). 

 

 

1.3 Wound dressing 

A dressing is a sterile pad designed to be in contact with the wound in order to promote healing and 

protect the wound from further harm. Throughout history there have been made many references regarding 

the use of dressings. Since 1600 BC, linen strips soaked in oil or grease covered with plasters was used to 

occlude wounds. Mesopotamians, around 2500 BC, used to clean the wounds with water or milk prior to 

dressing with honey or resin. Later on, in ancient Greece in 460-370 BC, Hippocrates used wine or vinegar, 

honey and oil for the cleaning of the wounds. As a bandage was used wool boiled in water or wine. However, 

during the 19th century there was a huge breakthrough in the antiseptic technique, because antibiotics 

were introduced to control infections and decrease mortality11,12.  

In the late 20th century, occlusive dressings began to be produced in order to protect and provide moist 

environment to the wound. Moisture facilitates the wound-healing process and results to faster healing 

compared to a dry wound environment by preventing tissue dehydration and cell death among others13. In 

addition, pain is significantly reduced when wounds are covered with an occlusive dressing contributing to 

patient's comfort.  

Dressings can be classified based on several criteria depending on their function in the wound 

(debridement, antibacterial, occlusive, absorbent), type of material used for the production of the dressing 

(e.g. alginate, chitosan, hydrocolloid) and the physical form of the dressing (foam, film, gel). Further 

classification of dressings is made based on the contact between the dressing and wound. The ones that 

make physical contact with the wound are called primary dressings, while secondary dressings cover the 

primary dressing. Also, island dressings hold an absorbent region in the center and are surrounded by an 

adhesive portion. Finally, classification includes typical and modern dressings2. In the middle of 1980, the 

first modern wound dressings were out in the market and were designed to provide moisture and absorb 

fluids from the wound bed. During the next decade, several types of synthetic wound dressing products 

were developed including: hydrogels, hydrocolloids, alginates, synthetic foam dressings, vapor-permeable 

adhesive films and silver/collagen containing dressings14. 

 

https://www.quora.com/Is-it-normal-to-bleed-from-a-first-degree-burn-wound
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1.3.1 Typical wound dressing 

Traditional wound dressing products are dry and are mainly used as primary or secondary 

dressings for preventing the contamination of the wounds. They are less cost effective and include gauze, 

plasters, bandages and cotton wool. Gauze dressings usually are made of cotton fibers and provide a 

certain antimicrobial protection. Some sterile gauze dressings are used for absorbing exudate from an open 

wound. Thus, frequent change of the dressing is required in order to protect healthy tissues from 

maceration. Additionally, in this case, dressings become moistened and tend to adhere to the wound 

making it painful when removing. In general, traditional dressings are suitable for the clean and dry wounds 

with mild exudate levels or used as secondary dressings. The lack of traditional dressings which provide 

moist environment to the wound led to their replacement by modern dressings with more advanced 

properties2,14. 

 

1.3.2 Modern wound dressing 

Modern wound dressings have been developed to facilitate the recovery of the wound instead of 

just covering it. These dressings are focused on moisturizing the wound and promote healing. Therefore, 

there has been an extensive study on those dressings and many products are already available on the 

market. Modern wound dressings are usually composed of synthetic polymers and are classified as a) 

passive, b) interactive and c) bioactive products. Passive products are non-occlusive, such as gauze and 

tulle dressings. However, these dressings may interfere with the healing process because since the fluid 

dries on the wound can cause tissue damage when the dressing is removed. Interactive dressings can be 

either semi-occlusive or occlusive. The most common forms of this type of dressing are films, hydrogel or 

hydrocolloids and their main characteristic is the prevention of bacteria from entering the wound and 

increase cell proliferation through moisture2-15. 

 

1.3.2.1 Semi-permeable dressings 

Semi-permeable dressings are classified into two different types based on their physical form, film 

and foam. Semi-permeable films are composed of sterile plastic sheets of polyurethane coated with 

hypoallergenic acrylic adhesive and are used mainly as a primary wound cover. Although, they are 

impermeable to fluids and bacteria, they are permeable to O2 and CO2 promoting a moist environment. The 

moisture and vapor transmission rate varies, depending on the brand. These dressings are highly elastic 

and flexible, and can conform to any shape, making them good candidates for the protection of wounds on 

“difficult” anatomical sites, for example, over joints. Also, it is possible to inspect the wound closure without 

remove the dressing by using transparent films. These dressings are suitable for superficial wound and 

wound with low exudate, e.g. Opsite™, Tegaderm™, Bioclusive ™. Commercially available film dressings 

differ in terms of properties, such as their vapor permeability and adhesive characteristics2,16,14. 

Foam dressings are made of polyurethane or silicone foam and consist of two or three layers, including 

a hydrophilic wound contact surface and a hydrophobic backing, making them highly absorbent. The 

waterproof outer layer protects from the liquid but allows gases, such as water vapor, to pass. Silicone-

based rubber foam (silastic) molds and contours to wound shape. Depending on the wound thickness the 

foam is capable of absorbing different quantities of wound drainage. There are two types of foam dressing 

available, adhesive and non-adhesive foam dressings, respectively. This kind of wound dressing is suitable 

for lower leg ulcers (Figure 1.2) and moderate to highly exudating wounds. Mainly they are used as primary 

dressings for absorption and the use of secondary dressing is not needed since they highly absorbent and 

allow vapor permeability. Some commercially available foam dressings are the following: Lyofoam™, 

Allevyn™ and Tielle™ 2,16,14. 
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Figure 1.2:  Venous leg ulceration in background of chronic oedema suitable for dressing with foam 

(Adapted from Jones V et al., 2016, Wound dressings, British Medical Journal). 

 

 

1.3.2.2 Hydrogel dressing 

Hydrogels exhibit a great interest for the biomedical and pharmaceutical field, due to their 

biocompatibility and hydrophilicity properties15. In particular, they present specific characteristic that may 

be quite beneficial for the wound healing. 

Hydrogels are three-dimensional (3D) materials which are able to absorb large amounts of water 

while maintaining their dimensional stability. The 3D structure of hydrogels in their swollen state is 

maintained by either physical or chemical cross-linking. They are capable of absorbing great amount of 

water due to the presence of hydrophilic groups such as –OH, –CONH–, –CONH2–, and –SO3H in the 

polymers. Based on this characteristic, the high water content, hydrogels have very interesting properties, 

such as low interfacial tension, soft and tissue like physical properties (resemble living tissue) and higher 

permeability to undersized molecules15. Moreover, they have the ability to release entrapped molecules in 

a controlled manner which can be applied in controlled drug release applications, which makes them 

suitable for biomedical applications16,17,18. 

The hydrophilic groups enable the hydrogel to absorb water and watery fluids that results in hydrogel 

expansion and occupation of larger volume, the process which is known as swelling19. During swelling, the 

cross-linked structure of hydrogels prevents the dissolution of the hydrogel. These cross-links are classified 

in two main categories including: i) physical (entanglements or crystallites), and ii) chemical (tie-points and 

junctions). The cross-links in the polymer network are provided by covalent bonds, hydrogen binding, van 

der Waals interactions, or physical entanglements20. Several methods of cross-linking hydrogels is 

presented in Figure 1.3. The high water content of hydrogels (70-90%) enables them to give water 

molecules to the wound surface and to maintain a moist environment at the wound bed. Mainly they are 

used for dry chronic wounds, necrotic wounds, pressure ulcers and burn wounds. An example of dry wound 

suitable for hydrogel dressing is presented in Figure 1.4. Studies have proven that hydrogels are suitable 

for all four stages of wound healing. Hydrogel dressings do not cause any irritation to the skin because they 

do not react with biological tissue. Also, they have the ability to absorb a degree of wound exudate, the 

amount varies among different brands. Finally, hydrogels promote wound debridement by rehydration of 

non-viable tissue, thus, facilitating the process of natural autolysis.  
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Figure 1.3: Synthesis of hydrogels by cross-linking of ready-made water-soluble polymers (Adapted from 

Khutoryanskiy V, 2015, Biomedical applications of hydrogels: A review of patents and commercial products, 

European Polymer Journal). 

Hydrogels have been a subject of study for the biomaterial scientists for many years since the 

pioneering work of Wichterle and Lim on cross-linked 2-hydroxyethylmethacrylate (HEMA) hydrogels in 

1960. In the recent years’ scientists are trying to use hydrogels for the production of modern wound 

dressings including collagen, hyaluronic acid and chitosan21. Some examples of commercial hydrogels are 

the followings: Intrasite™, Nu-gel™, Aquaform™ polymers, sheet dressings, impregnated gauze and 

water-based gels 2,16,18. 

 

 

Figure 1.4: Dry, sloughy leg wound suitable for dressing with hydrogel (Adapted from Jones V et al., 2016, 

Wound dressings, British Medical Journal). 

 

1.3.2.3 Hydrocolloid dressing 

Hydrocolloid dressings consist of two layers, an inner colloidal layer and an outer water-impermeable 

layer, and are mostly used as secondary dressings. Usually they are made of sodium 

carboxymethylcellulose, gelatin, pectin combined with other materials such as elastomers and adhesives. 

Hydrocolloids are impermeable to water vapor and help in the creation of a moist environment for the 

wound. Also, it provides a protective covering and helps prevent the spread of pathogenic microorganisms. 

They are used for minor burn wounds and traumatic wounds. In addition, they are suitable for children since 

they do not cause pain upon removal. When in contact with the wound exudate, hydrocolloids form gels 

and provide moist environment which protects the granulated tissue by absorbing and retaining exudate22. 
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Two types of hydrocolloids are available on the market in the form of sheets or thin films by Granuflex™, 

Comfeel™, Tegasorb™. A disadvantage of hydrocolloids is that they are not suitable for neuropathic ulcers 

or highly exudating wounds2,16. Venous leg ulcer where hydrocolloid dressing can be used is presented in 

Figure 1.5. 

 

Figure 1.5: Venous leg ulcer suitable for dressing with hydrocolloid (Adapted from Jones V et al., 2016, 

Wound dressings, British Medical Journal). 

 

 

1.3.2.4 Alginate dressings 

Alginate dressings are produced from calcium and sodium salts of alginic acid found in a family of 

brown seaweed called Phaeophyceae. Alginates are rich in either mannuronic acid or guluronic acid. The 

relative amount of each acid influences the amount of exudate absorbed and the shape the dressing will 

retain23. Absorption capability is achieved by strong hydrophilic gel formation, which limits wound exudate 

and minimizes bacterial contamination. Once alginate dressings are applied to the wound, ions present in 

the alginate are exchanged with blood to form a protective film.  Alginates can absorb 15 to 20 times their 

weight of fluid, making them suitable for highly exuding wounds. For this reason, they are not suitable for 

wounds with little or no exudate because they will dehydrate the wound and prolong the healing process. 

Sorbsan™, Kaltostat™, Algisite™ are some alginate dressings commercially available14,20. An example of 

a diabetic foot ulcer where alginate dressing is suitable for is shown in Figure 1.6. 

 

Figure 1.6: Diabetic foot ulcer with maceration to surrounding skin suitable for dressing with alginate 

(Adapted from Jones V et al., 2016, Wound dressings, British Medical Journal) 
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1.3.2.5 Other biological wound dressing 

 

There are also some other the biological dressings which are important for the healing process due 

to their properties, such as biocompatibility, biodegradability and their non-toxic nature. In general, they are 

derived from natural tissues or artificial sources, such as collagen, hyaluronic acid, chitosan, alginate and 

elastin. Often in biological dressing are incorporated growth factors and antimicrobials to enhance the 

healing process2. 

Collagen, is a structural protein, which has been widely studied due to its active role in natural 

healing process. Collagen plays a part in fibroblast formation and acceleration of endothelial migration upon 

contact with wound tissue. Hyaluronic acid (HA), is a polysaccharide found in several human tissues which 

plays an important role in the proliferation stage of healing by forming granulation tissue. Also, HA is 

biocompatible, biodegradable and has no immunogenic effects. Chitosan exhibits similar function with the 

HA during the healing process. Moreover, chitosan exhibits various biological properties like 

biocompatibility and biodegradability which makes it convenient to use for wound healing application. In 

general biological dressings can be characterized as superior when they are compared to other type of 

dressings2,16.  

Chitosan is the deacetylated derivative of chitin, a natural polysaccharide found primarily in the 

shells of crustacean, such as shrimp, krill, lobster or crab, and some fungi24. It is a linear polysaccharide 

comprising copolymers of glucosamine and N-acetyl glucosamine linked by beta-(1,4)-glycosidic bonds and 

its chemical structure is presented in Figure 1.7. The molar fraction of glucosamine residues is referred to 

as the degree of deacetylation (DD), which defines the charge density of chitosan 25-26. For aqueous solution 

above pH 7, chitosan is insoluble, thus, maintains its crystalline structure. However, in diluted acids (pH 

6.0), the protonated free amino groups on glucosamine facilitate solubility of the molecule 21, 27,28.  

Chitosan exists in different molecular weights and degree of deacetylation. The average molecular 

weight of chitosan ranges between 50-2000 KDa and the degree of deacetylation lies between 30–95%, 

which can influence its mechanical and biological properties3. These properties include antimicrobial 

activity, biocompatibility, homeostasis, non-carcinogenic, affinity to proteins, stimulation of healing, tissue 

engineering scaffolds, and drug delivery29. Moreover, chitosan can control bleeding via incorporating a 

procoagulant that helps accelerated clotting. Among its other properties, chitosan is biodegradable and its 

degradation products are non-toxic and non-immunogenic. The molecular weight of chitosan is an important 

parameter because this polymer may undergo systemic absorption in human body, so the polymers should 

have proper molecular weight to eliminate by renal filtration28,30 In vitro studies showed that chitosan can 

be degraded via several enzymes such as beta-N-acetylhexosaminidase, chitosanase, chitinase and chitin 

deacetylase. In human body, chitosan can be biodegraded by lysozyme, acid, gastrointestinal enzymes 

and colon bacteria. 

Researchers from many different fields have showed interest for chitosan including pharmaceutical, 

medical, cosmetics, agricultural and food industries. The pharmaceutical applications of chitosan include 

drug and gene delivery, wound dressing, tissue repair, and tissue engineering. Regarding the wound 

healing process, chitosan wound dressings are particularly interesting due to their haemostatic properties 

which enhance the process of wound healing31. One of the commercially available chitosan based 

haemostatic products is HemCon bandage 24,27,32-33.  
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Figure 1.7: Chemical structure of chitosan and chemical formula, C6H11O4. 

 

1.4 Drug loaded wound dressings: 

The healing process depends on the extent and depth of skin damage and, thus, can last for several 

months. Among the most important conditions affecting the beginning of wound healing are the wound 

cleanliness, a suitable blood supply, and the absence of necrotic leftovers. However, a major factor that 

can delay the healing process is wound infection that can occur any time. All wounds are contaminated by 

microorganisms, which often are part of the microflora of the skin, but some might be proven dangerous for 

the skin34. Wound debridement, which is usually present in chronic wounds, favors bacterial colonization 

and growth. Therefore, the development of wound dressings incorporating drugs for local drug delivery is 

imperative. Polymer-based dressings used for controlled drug delivery to the wound bed include hydrogels 

such as poly(lactide-co-glycolide), poly(vinyl pyrrolidone), poly(vinyl alcohol), hydrocolloid and alginate 

dressings35,36. Other dressings designed for this purpose include novel hybrid formulations prepared from 

collagen, hyaluronic acid and chitosan. 

Several studies have been conducted over the years trying to identify the most common bacteria 

present in wounds. Results indicated that the most present bacterial species detected was Staphylococcous 

aureus followed by Pseudomonas aeruginosa, Proteus, Escherichia and Corynebacterium34. Many times 

bacterial infection involving multiple species produces a synergistic effect, leading to increased production 

of virulence factors and greater delays in healing. Therefore, it was necessary the development of a number 

of products highly effective in destroying pathogens. Among others, these products include antiseptics such 

as silver, cadexomer iodine, polyhexamethyl biguanide (PHMB), chlorexidine and honey (Figure 1.8). 

Dressings incorporating these antiseptics can successfully be used in topical management to reduce the 

load of a variety of existing pathogens2,37,38. 
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Figure 1.8: Antiseptic agents and their formulation (Adapted from the World Union of Wound Healing 

Societies). 

The first drug to be studied in this work is polyhexamethylene biguanide (also known as polihexanide 

or PHMB). It is a highly effective and safe antiseptic/disinfectant compound used for more than 60 years in 

a wide range of applications, from contact lenses solution to wound care products. PHMB is a synthetic 

polymer whose basic molecular chain can be repeated up to 30 times. The increased chain length is 

correlated with increased antimicrobial efficacy39. The chemical structure of polihexanide is shown in Figure 

1.9. The structural similarities between PHMB and the antimicrobial peptides (AMPs) allows polihexanide 

to act against bacteria, viruses and fungi, inducing cell death by disrupting the cell membrane integrity40. 

Studies have shown that polihexanide is effective against Pseudomonas aeruginosa, Staphylococcus 

aureus (also the methicillin-resistant type, MRSA), Escherichia coli, Candida albicans (yeast), Aspergillus 

brasiliensis (mold), vancomycin-resistant enterococci, and Klebsiella pneumoniae (carbapenem-resistant 

enterobacteriaceae)41. Polyhexanide is used in post-operative dressings, surgical and non-surgical wound 

dressings16,42. 

 

 

Figure 1.9: Chemical structure of Polyhexamethylene biguanide and chemical formula (C8H17N5)n. 

 

The second drug that will be studied in this work is chlorhexidine diacetate, a popular disinfectant and 

antiseptic compound that is used, among others, for skin disinfection before surgery and sterilization of 

surgical instruments, and also for cleaning wounds. It can be used either as a powder or as a liquid, for 
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example mixed in alcohol, water, or surfactant solution. Even though chlorhexidine is effective against a 

range of microorganisms, it does not inactivate spores.  

Studies have shown that chlorhexidine acts against Gram-positive and Gram-negative organisms, 

anaerobe organisms, aerobes, and yeasts. Chlorhexidine is ineffective against polioviruses and 

adenoviruses. Moreover, the effectiveness against herpes viruses has not yet been established 

unequivocally43,44. 

For physiologic pH values, chlorhexidine salts dissociate and release the positively charged 

chlorhexidine cation. The bactericidal effect results from the binding of this cationic molecule to negatively 

charged bacterial cell walls. At low concentrations, chlorhexidine has a bacteriostatic effect. At high 

concentrations, membrane disruption leads to cell death42. The chemical structure of chlorexidine is shown 

in Figure 1.10. 

 

Figure 1.10: Chemical structure of Chlorhexidine and chemical formula C26H38C12N10O4. 

1.5 Sterilization: 

 

1.5.1 Biomaterials sterilization 

Nowadays, biomaterials play a significant role in biomedical industry due to the great amount of 

application they have in the development of new medical equipment, prostheses, tissue repair technologies, 

drug delivery systems and so on. On the other hand, the infections associated with this equipment or 

materials that are in contact or are placed into the body have been increased as well. Therefore, there is 

an imperative need to minimize these phenomena by improving the sterilization methods in the safest, most 

environmental-friendly and cost effective way possible. However, sterilization should not be confused with 

disinfection. Sterilization is a process where all living microorganisms and spores are killed. In disinfection, 

all the organisms or pathogens capable of producing infections are destroyed or their number is reduced 

to a level that is not harmful anymore. Nevertheless, the spores are not necessarily destroyed45,46.  

Sterilization can be either a physical and/or a chemical process, in which all the organic microorganisms 

are eliminated. In Figure 1.11 are presented some methods of biomaterials sterilization 17,37,47. 
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Figure 1.11: Several methods of biomaterials sterilization. Adapted from17. 

The efficacy of the chosen sterilization method is evaluated through microbiological tests. However, 

should not be neglected to take into account the impact of the sterilization technique on the properties of 

the material that is being sterilized. It is possible some conventional methods to have a negative impact on 

the material such as production of toxic residues, chemical changes and physical or mechanical changes 

on the material properties29. Therefore, the choice of the most suitable sterilization method depends on the 

characteristics of the chosen biomaterial. 

1.5.2 Hydrogels sterilization 

Hydrogels have become very popular due to their properties such as high water uptake, flexibility 

and biocompatibility. Their resemblance to living tissue makes hydrogel applications very popular in 

biomedical areas. Currently, hydrogels are used for manufacturing contact lenses, tissue engineering 

scaffolds, drug delivery platforms and wound dressings. Their sterilization, is the final step of the 

manufacturing process, and has a huge importance since some of the conventional methods can have a 

huge impact on polymeric structures. Therefore, the challenge in sterilizing hydrogels is focused on the 

maintenance of their physiochemical, biological and mechanical properties while the sterilization is 

achieved. 

Some of the most common and effective hydrogel sterilization techniques are steam heat by an 

autoclave, gamma irradiation and solvents. 

The method of choice for sterilization in most laboratories is steam and pressure (autoclaving): 

using pressurized steam to heat the material to be sterilized. This is a very effective method that kills all 

microbes, spores and viruses. However, if excessive high temperatures are used, the heat can slowly 

degrade the hydrogel and reduce its size. Thus, the heat sensitivity of the hydrogel to be studied has to be 

taken into account.  

When a radiation technique is applied, like gamma radiation, the polymers can generate radicals 

and/or ions that lead to cleavage or cross-linking. Due to this peculiar property, in several hydrogels, gamma 
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radiation is not used only for sterilization but also to cross-link the polymer. This kind of sterilization does 

leave toxic residues and is safe48. 

Among solvents the most commonly used is ethanol. It is one of the least aggressive sterilization 

methods and it has minimum effects on mechanical properties of some hydrogels. Moreover, ethanol is 

capable of eliminating microbial cells but has no effect on spores49. 

Regarding ethylene oxide sterilization, some studies indicated that there are no significant changes 

in the hydrogel. However, it is important to mention that a disadvantage of this method is the possibility of 

leaving some toxic residues in the material47. 

In this work for the sterilization of the three types of hydrogels that were developed, three different 

methods were studied, autoclave, gamma radiation and High Hydrostatic Pressure (HHP). These methods 

were chosen due to their higher probability of success and the equipment availability.  

 

1.5.2.1 Steam and pressure 

Sterilization by steam and pressure (or sterilization by autoclave) is a technique that uses moist 

heat in the form of saturated steam under pressure. It is the most widely used method for sterilization since 

it is very dependable, non-toxic, inexpensive and user friendly. This technique has been used for more than 

a century to sterilize items that can withstand moisture and high temperature. It is used mainly for medical 

devices, biohazardous trash and healthcare facilities in order to prevent pathogen transmission. Also, 

microorganisms are destroyed due to moist because it causes the irreversible denaturation and coagulation 

of their structural proteins and enzymes.  

A basic autoclave cycle includes the following processes: 

 Heating up water until reaching the boiling temperature to generate steam that enters the autoclave 

chamber. At the same time, the air is removed from the chamber, and continues to be pushed out 

as the steam expands. This process happens either by a vacuum or pre-vacuum process (as in 

large autoclaves that use a pump or an ejector) or by a displacement process (as in some smaller 

tabletop autoclaves).  

 Once the air is removed, the temperature and pressure are increased by closing the chamber 

exhaust valve while continuing to introduce steam to the chamber. The temperature and pressure 

will keep rising until the level required for sterilization. The recommended time for a common 

sterilization in an autoclave is 15-20 minutes at 121℃ or 134℃ (200 kPa). These conditions are 

efficient for destroying microorganisms. However, the duration of the process might vary depending 

on the material to be sterilized.  

 Upon sterilization the pressure in the chamber needs to be reduced. Therefore, the steam is 

released by opening slowly the exhaust valve. The items inside the autoclave and the chamber are 

cooled and the pressure is brought to the atmospheric pressure50,51. 

There are four key parameters of steam and pressure sterilization: steam, pressure, temperature, and 

time, which depend on the nature of the items to be sterilized and on their degree of contamination prior to 

sterilization. In particular, the time is very important because not all microorganisms die at the same time. 

The items to be sterilized have to be clean before they are introduced into the autoclave17. An overview of 

autoclave’s working principal is presented below (Figure 1.12). 
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Figure 1.12: Working principle of autoclave (Adapted from Benjamin Cummings, an imprint of Addison 

Wesley Longman, Inc.). 

 

1.5.2.2 Gamma radiation 

Gamma radiation is a type of ionizing radiation that produces high-energy photons, and it is used 

as a sterilization method for several type of materials, such as metals and polymers. It is widely used in the 

pharmaceutical industry, in particular on disposable medical devices, such as: syringes, catheters, electro-

surgical tools. This method is considered a “clean and efficient process” as it does not leave any toxic 

residues in the materials and it eliminates microorganisms effectively. 

Gamma rays are formed with the self-disintegration of Cobalt-60 (60Co) or Cesium-137 (137Cs) 

sources. The energy of gamma rays, in the form of electromagnetic quantum waves, is similar to light, even 

though the photon energy is higher and the wavelength shorter. Sterilization occurs due to highly 

penetrating gamma radiation, from sealed radiation sources, which travels almost at the speed of light, that 

bombards and kills bacteria in products sealed inside their final packaging. Like this the irradiated product 

remains sterile until the packaging is removed. The gamma radiation energy is transferred to the product 

that is irradiated by collisions between the radiation and the atoms of the product. As a result, from these 

collisions the atoms lose their bound electrons in a process called ionization. This process results to 

damage of DNA or vital functions of microorganisms leading to their death. Polymer devices subjected to 

sterilization by irradiation will inevitably be affected by radiation and will suffer changes in the polymer 

structure such as crosslinking, change of physical and chemical properties etc. As a consequence, changes 

might occur in the drug release profiles of irradiated polymers which are loaded with drugs52. 

The important parameters for this type of sterilization are the source, the energy, and the dose of 
radiation. The dose of the radiation used can take time from some minutes to hours depending on the 
characteristics of the material to be sterilized (the thickness and the volume of the product). The most 
commonly absorbed radiation dose is 25 kGy (2.5 mrad). A dose higher than this can cause degradation 
of polymeric compounds. The current accepted sterility assurance level (SAL) is limited to 10-6, no more 
than one viable microorganism in one million parts of final product is allowed29,53,48,54.  
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1.5.2.3 High hydrostatic pressure (HHP) 

High hydrostatic pressure (also known as high pressure processing, HHP) is a method widely used in 
food processing industry mainly for inactivation of microorganisms. This method does not rely on chemicals, 
heat or irradiation for destroying microbes and, therefore, is suitable for processing drinks (e.g. milk and 
juice) and food products (e.g. meat products).  Alternatively, HHP is also used for biomedical engineering 
applications55,56. It is a relatively novel approach to effectively destroy tumor cells in bone and cartilage 
while leaving the tissues’ biomechanical properties unchanged. Moreover, HHP can be used as sterilization 
method since pressure ranges between 100 and 1200 MPa and crucial cellular processes are impaired 
within much smaller ranger of pressure. Hence, cell division, and protein synthesis are disabled under 20 
and 50 MPa, respectively57  while proteins unfold under high pressure, compromising cells’ viability58.  
 

As heat, pressure is a thermodynamic variable and during the HHP every change in temperature 
corresponds to changes in pressure. The energy and, mainly, the volume of a product are affected by 
thermal effects due to pressure treatment based on Gibb’s definition for free energy. 

𝐺 = 𝐻 − 𝑇𝑆 (1.1) 
  
where, T is the temperature, H and S are the enthalpy and entropy, respectively. Further, 
 

𝐻 = 𝑈 + 𝑝𝑉 (1.2) 
 
From deduction of Equations (1) and (2) is obtained the following equation: 
 

𝑑(𝛥𝐺) = 𝛥𝑉𝑝 − 𝛥𝑆𝑑𝑇  (1.3) 
 

It results that modifications such as phase transition depend on both temperature and pressure. 
Firstly, concerning the application of high pressure, should be considered the isostatic principle, which 
presumes that pressure acts isotropically. During the HHP sterilization, the pressure effects, are 
instantaneously and homogeneously distributed within the sterilized item, independently of its geometry 
and size. Therefore, the isostatic principle explains why nonporous materials with high-moisture content 
are not damaged macroscopically by pressure treatment. On the other hand, due to difference between air 
and water compressibility under pressure, the structure and shape of porous materials may be altered 
during pressure treatment, unless the material is vacuum sealed in bags from which air cannot escape. 
This condition makes hydrogels ideal candidates for sterilization by HHP since they are materials with high 
water content56. Secondly, the alterations in volume can be explained based on the Le Chatelier’s principle, 
which states that increase in pressure shifts the equilibrium towards a direction that tends to reduce the 
volume.   
 

The HHP equipment is typically made of high strength steel alloys with high fracture toughness. The 
system is composed of a pressure vessel (thick-wall cylinder), a high pressure pump and an intensifier for 
generating target pressures, instrumentation for controlling the pressure and a handling system for loading 
and removing the item56. Initially, the material to be sterilized usually is packaged in vacuum sealed bags. 
At least one interface of the packaging must flexible enough to transmit pressure. Thus, rigid metal 
containers may not be able to undergo pressure treatment59. The bags are placed in the pressure vessel, 
which contains the pressure-transmitting fluid, and can be placed vertically or horizontally in a chamber. In 
industrial equipment the widely used pressure-transmitting fluid is water. Then, a high-pressure pump 
combined with an intensifier compress the water, producing an instantaneous and uniform (isostatic) 
increase in pressure. Once the pressure has come up to set-point, the item is held for a pre-determined at 
the target pressure. The treatment time ranges between 5 to 10 minutes. At the end of the treatment, the 
vessel is unloaded and quickly depressurized before the chamber is opened and the pressure vessels 
recovered60. The process is diagram is presented in Figure 1.13. 
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Figure 1.13: Operation diagram of a HHP unit. 

The exposure temperature during the treatment is another critical parameter for the bacterial resistance 
to pressure. Different types microorganisms can withstand different temperatures until they are destroyed. 
Hence, studies have shown that a 50°C process temperature was efficient against lactic acid bacteria and 
Pseudomonas. However, temperature alone is not enough to destroy microorganisms. Different pressure 
needs to be applied. For example, Vibrio (a Gram-negative bacteria) is high pressure resistant and can be 
deactivated completely at 300 MPa, whereas Staphylococcus aureus (a Gram-positive bacteria) demands 
excessive pressure of 500 MPa in order to be destroyed. Therefore, cold sterilization is not a suitable 
method for destroying bacteria because bacterial spores are high pressure-resistant. An option is to 
combine high pressure and high temperature by using water with higher initial temperature in the pressure 
vessel. Yeasts and moulds are more pressure-sensitive compared to bacteria. Generally, the required 
pressure treatment ranges between 200 and 400 MPa60. 
 

Despite HHP being a very popular preservation method in food industry and having very promising 
biomedical applications, some important drawbacks limit the application of HHP. The major barrier is the 
initial costs to purchase and install the equipment and build the safety-coded environment (special 
protection walls) required for safe operation. 
 

1.6 Characterization techniques: 

1.6.1 Swelling 

Hydrogels in biomedical application often involve ternary systems, the low molecular weight solvent 

being water. Silicone hydrogels are used in contact lenses, poly(vinyl alcohol) hydrogels are used for drug 

delivery applications and soft tissue replacements. In this work chitosan hydrogels will be used for wound 

dressing. Therefore, the diffusion of the loose macromolecules in the swollen state plays an important role 

not only because this dressing will serve as an absorbent for exudate, but also because it mimics the 

behavior of the soft tissue and can play a crucial role in controlled drug release. 

Swelling capacity (SC) of a polymer is determined by the amount of liquid material that can be absorbed 

and can be calculated by the following equation: 

𝑆𝐶 =
𝑊𝑡−𝑊0

𝑊0
× 100  (1.4) 

where (Wt) is the weight of the sample when it was fully hydrated and (W0) is the weight of the sample in 

its dry state61,62. 
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The swelling kinetics of the three different materials was assessed before and after sterilization in 

order to understand if the capability of the dressings to absorb water and thus, exudate from the wound and 

evaluate if the swelling capacity was affected due to sterilization. The experiment was carried out for 

samples that were not sterilized and for others that were sterilized with the respective methods. To 

determine the swelling capacity, firstly, the samples’ weights were measured when they are in its dry state. 

Then the samples were immersed in a falcon with DD water and new weight measurements were performed 

over time until constant weight is achieved. The samples were carefully blotted with paper before each 

measurement to remove any remaining water droplet from their surface. 

 

1.6.2 Wettability 

Maintaining the moisture of the wound's surface is the fundamental principle of open wound 

treatment. Several methods can be applied to evaluate a material capability to provide the appropriate 

moisture to the wound bed. The common denominator of such measurements is hydrophilicity, which is 

connected with the water contact angle. 

To investigate the wettability is measured the contact angle, which is defined as the angle made by the 

intersection of the liquid/solid interface and the liquid/air interface. The contact angle can be explained 

better by using Young's equation: 

𝑐𝑜𝑠𝜃 =
𝛾𝑠𝑣−𝛾𝑠𝑙

𝛾𝑙𝑣
  (1.5) 

where θ is the contact angle, γsv is the interfacial tension between solid and vapor, γsl is the interfacial 

tension between the solid and liquid and γlv the interfacial tension between the liquid and vapor.  

 

Figure 1.14: Interaction between a liquid drop and a solid surface showing the contact angle θ and the 

interfacial tensions γ. Adapted from17. 

 

A high contact angle indicates the tendency of the surface to be hydrophobic. On the other hand, when 

the contact angle is low, the wetting of the surface is superior, the surface has a greater tendency to be 

hydrophilic. For example, a contact angle of zero degrees will occur when the droplet has turned into a flat 

puddle, which is called complete wetting17. 
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Figure 1.15: Interactions between a liquid drop, with a hydrophobic surface (a), and with a hydrophilic 

surface (b), demonstrating the contact angle, θ, respectively. Adapted from17. 

 

The wettability of a material can be assessed by using different methods, such as the sessile drop or 

the captive bubble, as it is shown in Figure 1.15. In the sessile drop method, a drop of the liquid is placed 

on top of the surface that is being analyzed, while in the captive bubble an air bubble is placed below the 

studied surface, which is immersed in liquid. In both methods the contact angle is measured with a 

goniometer 

 

 
Figure 1.16: Contact angle for sessile drop method (a) and contact angle for captive bubble (b). 

 

1.6.3 Mechanical properties 

Depending on the direction of the applied force to an object, it can undergo different types of stress and 

strain. Two of the most common types are tensile and compressive stress and strain. The modulus of 

elasticity or Young’s modulus (YM) is a material property, that describes its stiffness and is, therefore, one 

of the most important properties of solid materials. Mechanical deformation puts energy into a material. 

This energy is stored elastically or dissipated plastically. The way a material stores this amount of energy 

is represented in stress-strain curves. Stress (σ) is defined as force per unit area and strain (ε) as elongation 

or contraction per unit length. The following equation describes the relationship between Young's modulus, 

stress and strain which obeys Hook's law: 
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𝐸 =
𝜎

𝜀
=

𝐹

𝐴
𝛥𝐿

𝛥𝐿0

  (1.6) 

where F = Applied force, A = Stress area, ΔL = change of the length, L0 = original (initial) length. The strain 

does not have units. However, in some cases it is represented as a percentage. The stress unit is MPa or 

N/m2. Therefore, Young's Modulus has the same units as Stress. A stiff material has a high Young's 

modulus while a flexible one has a low Young's modulus and changes its shape considerably. 

Graphically we can define Young's modulus as a slope of the linear portion of the stress-strain diagram. 

The curve describes how much the material will resist various amounts of stretching. If the curve has a high 

slope, then it is required lots of force to stretch the material (stiff). On the other hand, if the curve has a low 

slope then only a very small amount of force can stretch the material very far (flexible). The Elastic 

Deformation Region of a stress-strain curve is the region where the material exhibits elastic behavior (if 

allowed the material will return to its original size and shape when the force is removed). If the material 

under study reaches its ultimate tensile strength in a load-controlled situation, it will continue to deform until 

it ruptures63. The graphical relationship between stress and strain is demonstrated in Figure 1.17. 

 

Figure 1.17: Graphical relationship between total strain, permanent strain and elastic strain (Adapted from 

Khan A, Material failure analyses, slideshare.net). 

Compressive stress relies on the opposite principle of tensile stress. An object experiences a 
compressive stress when a squeezing force is applied to it. Therefore, the object is shortened. The ultimate 
compressive strength of a material is reached when the material fails completely under stress. In a 
compression test there is also a linear region that obeys to Hook’s law and stress is given by: 

𝜎 = 𝛦𝜀   (1.7) 

where, this time, E refers to the Young's Modulus for compression.  Within this region the material deforms 
elastically and once the stress is remove it returns to its original length. Above this value of stress, the 
material deforms plastically and will not return to its original length once the load is removed. 
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Figure 1.18: Typical local compressive load-displacement curve. Adapted from 1. 

 

Both tests, tensile and compression, were performed in order to understand better how the different 

sterilization methods affected the materials by providing or decreasing their resistance to strain. 

 

1.6.4 Surface morphology 

A Scanning Electron Microscope (SEM) provides detailed information about the microstructure 

morphology of a material by tracing a sample in a raster pattern with an electron beam. Image magnification 

can be controlled over a range of up to 6 orders of magnitude from about 10 to 500.000 times. The intense 

interactions that take place on the surface of the specimen provide a great depth of view, which allows a 

large amount of a sample to be in focus at one time, high-resolution and a detailed three-dimensional 

surface image. Therefore, SEM is a powerful technique widely used to capture the characteristic “network” 

structure in hydrogels64. 

The images produced by SEM are black and white. This is due to the electron beam wavelength 

that is far away from the visible wavelength of light used in conventional optical microscope. The contrast 

and brightness in the image critically depends on the interaction between the electrons and the sample 

under study. Higher atomic number regions in the sample generally look brighter than lower atomic number 

regions because of scattering effect. Different kinds of scattered electrons are usually collected from the 

sample and the information of the obtained image depends on which electrons the detector collects during 

the imaging process. The only way to obtain the derived SEM images with color is by using the computer 

in order to generate pseudo color images via imaging packages35. In this work, in order to understand better 

the behavior of the different materials it was important to obtain information about their surface 

morphology65.  

In order to understand better the behavior of the different materials that were developed throughout 

this work was important to obtain information about their surface morphology.  
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1.6.5 Irritation test (HET-CAM test) 

The need to evaluate the irritation properties of chemicals and consumer products that might be 

into contact with human eyes and skin is imperative. The chemical and cosmetics industry is responsible 

for the safety of their products, so the development of new strategies that guarantee a maximum of 

information valuable for the assessment of local compatibility. One of the most successful experiments for 

the evaluation of the local compatibility of raw materials and final products appears to be the HET-CAM 

test66. This assay is a qualitative method that assesses the irritancy potential of chemicals on the 

chorioallantoic membrane of fertilized chicken eggs. The HET-CAM provides a screening model which 

decreases the requirement of animal experiments. It is not classified as an animal experiment because no 

nerve tissue has developed until the 11th day of incubation, which is final day of the experiment, and thus 

no feeling of pain occurs until then to the chicken embryo. This test was developed by Spielmann et al. in 

order to replace the Draize irritation test on rabbits67,68. In this work chitosan based materials, before 

sterilization, were tested for causing possible lysis, hemorrhage and coagulation to the CAM of chicken 

embryos. 

 
 

1.7 Microbiological tests 

 

1.7.1 Microbiological activity of drugs 

Bacteria and yeast are widely studied microorganisms with great interest in medical and 
pharmaceutical sciences. Monitoring bacterial growth provides useful information about their physiology 
and their mechanisms of survival and proliferation. Therefore, several techniques have been developed in 
order to study these processes69. One of the most common techniques measuring bacterial growth is by 
using Light Scattering (Turbidimetry). The bacteria are in suspension culture and as they proliferate the 
suspension liquid becomes hazy. With the help of a spectrophotometer, a light beam is transmitted through 
the bacterial suspension, the light passes through the suspension is measured by a detector. The amount 
of light which passed through the sample and reached the detector gives the absorbance value or Optical 
Density (OD). Increased turbidity allows less light to reach the detector. The usual wavelength to measure 
turbidity in the spectrophotometer is around 600 nm Turbidimetry is a fast method and can be considered 
the most common tool to monitor the growth of bacterial cultures70.  
 

1.7.2 Sterility testing 

In order to confirm the success of the sterilization, the Pharmacopoeial Discussion Group (PDG) of 
the European Pharmacopoeia (Ph.Eur), Japanese Pharmacopoeia (JP)  and the  United States 
Pharmacopeia (USP) describe two sterility tests: direct inoculation of the culture medium and membrane 
filtration. The membrane filtration (pore size of 0.45μm) is chosen for verifying the sterility of pharmaceutical 
products, while direct inoculation is the chosen method for materials. The latter method is also used when 
solubility issues or antibiotic suspensions that are unable to be filtered need to be tested.  
 

In direct inoculation method, samples are added directly into the growth medium and then are 
incubated at least for 14 days. Positive controls (samples contaminated with known microorganisms) and 
negative controls (sterilized solvents) are both incubated together with the testing samples. After the 
incubation period the mediums are analyzed in terms of turbidity. Turbidity in the medium indicates 
contamination This assay must be carried out in aseptic conditions to prevent contamination of the samples 
prior to testing. 
  

The membrane filtration is chosen for verifying the sterility of pharmaceutical products and mainly 
for solutions. In this method a sample solution is filtered through a membrane usually a 0.45 μ filter under 
aseptic conditions. The membrane retains all microorganisms and removes other components that can 
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inhibit the microorganism’s growth. Then the membrane is rinsed with a sterile fluid to remove any 
compound that can cause a bacteriostatic effect, and is cut into half placed into the growth media and 
incubated. Positive and negative controls are incubated with the testing samples to be analyzed in terms 
of turbidity71. The first medium is Fluid Thioglycollate medium (FTM) ideal for cultivation for anaerobic 
organisms and the second is Soybean Casein Digest Medium (SCD/TSB) suitable for culturing fungi and 
aerobic organisms.  
 

In this work sterility tests were performed for the chitosan based materials, thus, the used method was 

the direct inoculation of the material into the culture medium. Since sterilization by steam and pressure and 

by gamma radiation was done under overkill conditions was necessary to test only the efficiency of 

sterilization by HHP. The test was conducted by incubating a sample in a specific medium for 14 days in 

the respective temperature for each microorganism. If the sample is contaminated, then microorganisms 

will grow during the incubation and their presence will be observed by changing the optical density (turbidity) 

of the medium that initially was clear. All tests were performed under aseptic conditions.  
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2. Experimental 
 

2.1 Materials 

 

2.1.1 Wound dressings 

For the preparation of the different types of hydrogel in this work were used: 

 Acetic acid, 2% (v/v) from Sigma-Aldrich® 

 Lactic acid, 2% (v/v) from Sigma-Aldrich® 

 Chitosan, Chitopharm L, 620 kDa – 79.4% D.D. Batch: UPBH3114PR from BASF 

 Ammonium hydroxide 2.5% (v/v) from Panreac 

 Distilled deionized water 

 

2.1.2 Drugs 

 Chlorhexidine diacetate from Santa Cruz Biotechnology, Inc. 

 Polyhexamethylene biguanide from Sigma-Aldrich® 

 

2.1.3 Others 

 Genipin from CarboSynth 

 Sodium Chloride from Fluka Analytical 

 Potassium Chloride from Sigma-Aldrich® 

 Sodium dihydrogen phosphate monohydrate from Merck 

 Sodium Hydrogen Carbonate from PanReac AppliChem 

 Lysozyme from Fisher BioReagents 

 Mueller-Hinton Broth from Oxoid 

 Thioglycollate Liquid Medium from PanReac AppliChem 

 CASO Broth from Sigma-Aldrich® 

 

2.2 Methods 

 

2.2.1 Preparation  

Three different chitosan based materials were produced starting from BioceraMed base 

formulations, AbsorKi®, HemoKi and HidroKi®. However, HemoKi was further developed in our lab by 

addition of a non-toxic cross-linking agent. The first two dressings are used in the dry state and the third 

one, in the hydrated. AbsorKi® is developed in order to absorb exudate from the wound bed, while HemoKi 

is suitable for hemostasis and HidroKi® keeps the wound moistured. The processes followed in the 

production of each material are described below: 

For AbsorKi®, a solution 2% v/v of acetic acid in DD water was prepared. Large molecular weight 

chitosan was added to this solution to get a concentration of 3% m/m, and it was magnetically stirred until 

it was fully dissolved. After steering, the solution was placed in glass Petri dishes (1g of solution per 4cm2). 

The air bubbles, which were formed, were removed manually with the tip of a syringe. Then, the Petri dishes 

were placed in the -80°C freezer for 24 hours and afterwards, they were lyophilized overnight at -43oC and 

0.19 mBar. A solution of ammonia hydroxide in DD water (2.5% v/v) was prepared in order to coagulate the 

samples. The Petri dishes were put in the laminar flow chamber and, with the aid of a micropipette, ammonia 
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solution was dropped into the Petri dishes until the samples were fully submerged. After an interval of 

10min, the samples were removed from the ammonia solution and immersed in DD water. The washing 

process was repeated 2 more times in order to remove any remaining ammonia. Finally, the samples were 

lyophilized again, in the conditions mentioned above, and were stored in airtight sealed bags.  

For HemoKi was prepared the same solution, as for AbsorKi®, containing acetic acid (2% v/v) and 

chitosan (3% m/m) in DD water. Once chitosan was fully dissolved, genipin, which is a natural cross-linker, 

was previously dissolved in DD water and then added to the chitosan solution to get a concentration of 

1mg/mL. Genipin was used because is biodegradable and not toxic. The solution was stirred very well until 

the mixture became homogeneous and then placed in a Petri dish as described above and put in the oven 

for 15 hours at 26oC. Then the samples were lyophilized under the already referred conditions and stored 

in airtight sealed bags. Figure 2.1 shows photos of the final form of the dry dressings: AbsorKi® and 

HemoKi. 

 

(A)                                           (B)                                              (C) 

Figure 2.1: Photos of the final form of the dry dressings. (A) AbsorKi® and (B) HemoKi with the 

characteristic blue color on the right and HidroKi® (C).  

HidroKi® was prepared by dissolving chitosan (3% m/m) in a solution of lactic acid in DD water 

(2% v/v). The air bubbles formed by the stirring were removed with the tip of syringe and the solution was 

deposited in silicone molds using the proportion: 1g of solution per 4cm2. In this case, ammonia vapor was 

used in the coagulation step. A solution of ammonia (2.5% v/v) was prepared and placed in a Petri dish in 

the bottom of a glass chamber to create ammonia vapor. The plates containing the chitosan solution were 

suspended on top of this chamber. The chamber was airtight sealed by spreading a thin layer of Vaseline 

between its upper and bottom part. After 24 hours the samples were removed from the chamber and were 

washed with DD water three times. Then they were left to dry for 30min to remove any remaining ammonia. 

Finally, they were stored inside airtight sealed bags with 3mL of DD water to guarantee that the samples 

would remain hydrated. In Figure 2.1-C is presented the final form of HidroKi®. 

The reagents and the procedures used in the production of the dressings are summarized in Table 

1. Before using in the tests, the three types of hydrogels were cut with appropriate dimensions, as referred 

in each section bellow. 

Table 1: Materials and steps for the development of the dressings. 

 AbsorKi® HemoKi HidroKi® 

State Dry Dry Hydrated 

Material Chitosan Chitosan Chitosan 

Acid Acetic Acetic Lactic 

Coagulation/ 
Cross-linking 

Ammonia solution Genipin Ammonia vapor 

Freezing step 24h at -80oC 24h at -80oC - 

Drying step 24h at -43oC + 
0.19mBar 

24h at -43oC + 
0.19mBar 

- 
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2.2.2 Sterilization 

Hydrogels were sterilized through three different methods: steam and pressure sterilization, high 

hydrostatic pressure and gamma radiation. 

2.2.2.1 Steam and pressure 

The autoclave used in this work was a vertical steam sterilizer UNICLAVE 88 of 380V from the 
Laboratory of Biomolecular Engineering and Bioprocesses (LEBB) at Instituto Superior Técnico. Vacuum 
processing, using low exhaust, was used for the drying of this autoclave. The sterilization parameters 

applied for all the drug loaded materials and the blanks were: temperature at 121⁰C, pressure of 1 bar and 

time period of 20 minutes. The blank dressings were sterilized in falcons: the dry ones were simply placed 
in tubes and the hydrated ones were incubated with 3mL of DD water. The drug loaded dressings were 
sterilized in drug solutions prepared as described below. The PHMB powder was dissolved in pseudo 
extracellular fluid (PECF) with a concentration of 0.5mg/mL and CHX powder was dissolved in distilled and 
deionized (DD) water with a concentration of 5mg/mL due to its limited solubility in saline solution.  

PECF solution mimics the exudate of the wound and it was produced with the following 
composition: 0.68g NaCl, 0.22g KCl, 2.5g NaHCO3 and 0.40g NaH2PO4 for 100mL of distilled and deionized 
(DD) water. 

 
 

Figure 2.2: Front view of the vertical steam sterilizer UNICLAVE 88 used for this work. Adapted from 
http://ajcostairmaos.mediadot.net/. 
 
 
 
 

 
2.2.2.2 High Hydrostatic Pressure (HHP) 

The HHP sterilization was performed in the University of Aveiro in the equipment which is shown 

in the Figure 2.3 (Hiperbaric 55, Burgos, Spain). The samples were placed in special sterilization bags 

which were sealed airtight. For AbsorKi and HemoKi the air inside the bag was removed with vacuum. 

HidroKi® samples were packaged with DD water to maintain their hydrated state throughout the sterilization 

process. Regarding the drug loaded samples, they were placed in bags containing the drug solution (see 

previous section).  Prior to sterilization, water was heated in an external water bath and then it was poured 

in an insulation vessel alongside with the samples. Once the thermometer indicated that the water 

temperature had reached the 70oC, the insulation vessel was placed in the machine. The program which 
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was used had the following settings: temperature at 70oC, pressure at 600MPa and time duration of 10 

minutes. The choice of these conditions was based on previous experience of our research group in the 

optimization of the sterilizing conditions of hydrogels for contact lenses90. 

 

Figure 2.3: The equipment used for the HHP sterilization (Hiperbaric 55, Burgos, Spain). Adapted from 

https://www.hiperbaric.com/en/hiperbaric55. 

 

2.2.2.3 Gamma radiation  

The sterilization by gamma radiation was performed in the Center for Nuclear Sciences and 
Technologies (C2TN) of Instituto Superior Técnico. The radiation dosage used in this work was 25 kGy and 
the debit dose was 5kGyh-1 and the source of gamma rays was 60Co. Only the dry samples of AbsorKi and 
HemoKi were sterilized by gamma radiation because gamma radiation was found to degrade the drugs in 
a solution17.  

The drug loaded samples were previously immersed in the respective drug solution, freeze-dried 
and then sterilized as described above. In Table 2 are presented the sterilization methods for all dressings. 
 

Table 2: Sterilization methods tested for each type of chitosan based materials. 

 Autoclave HHP γ-radiation 
AbsorKi®    

HemoKi    

HidroKi®    

 
 
 

2.2.3  Characterization of materials 

2.2.3.1 Swelling 

The swelling kinetics of the three different materials was assessed before and after sterilization. 

Before the assay starts, the hydrated samples were removed from their package and blotted gently with 

absorbent paper to remove the excess of water from their surface. The samples were put in the freezer at 

-80oC for one day and lyophilized overnight. All samples (the three types of hydrogels) were cut in small 

discs (8 mm diameter) and their initial weight was registered. Then the discs were immersed in DD water 

and were incubated for 48 hours at room temperature. At pre-determined time intervals, the samples were 

taken out of the solution, carefully blotted with absorbent paper, weighted in the balance and immersed 

again in DD water. This process was repeated until the sample’s weight reached equilibrium and the 

swelling stagnated. The weight of the samples was registered each hour for the first 8 hours and, after that, 

at 24 hours and 48 hours.  
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2.2.3.2 Wettability 

In order to analyze the wettability of the material the captive bubble method was used. The assay 

was performed only for the hydrated sample (HidroKi®), prior and upon sterilization, because the extremely 

porous surface of the dry dressings (AbsorKi® and HemoKi) made the measurement impossible. The 

sample was removed from the storage bag, cut in strips of 2x1 cm2 and was fixed on a support against a 

solid surface. Then the system was immersed in DD water and, with the aid of a micrometer syringe, with 

an inverted needle, an air bubble was placed below the sample’s surface. Multiple images were taken 

during a pre-determined time period in order to study the evolution of the contact angle throughout time. At 

least 9 air bubbles were made for each sample at room temperature. The acquisition time was set for 3 

minutes and 20 images were taken this period by a video camera JAI CV-A50 connected to a microscope 

WildM3Z and to a frame grabber Data translation DT3155, as it shown in Figure 2.4. The value of the 

contact angle was obtained through the fitting to the experimental bubble profile of a theoretical profile 

based on the Laplace equation:  

𝛥𝑃 = 𝛾(
1

𝑅1
+

1

𝑅2
)  (2.1) 

where ΔP represents the difference of pressure in the interface air/liquid, γ is the surface tension of the 

liquid, 𝑅1 and 𝑅2 represent the main radii of curvature of the bubble72. The ADSA-P software (Axisymmetric 
Drop Shape Analysis Profile, Toronto University) was applied to do this fitting. 

 

Figure 2.4: Set-up of the used goniometer. 

2.2.3.3 Mechanical properties 

The mechanical properties of the dry samples were determined using a TA.XT Express Texture 

Analyzer (Stable Micro Systems). Rectangular samples were cut with dimensions of 8x6 mm2 and the width 

of each sample was measured by a digital caliper (2 mm approximately). Miniature grips were attached to 
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it and soft paper was glued to them to protect the sample’s surface from fractures caused by the grips.  The 

samples were fixed to the grips in a vertical position. The force was set to zero and constant speed of 

0.02mm/sec was applied. The maximum applied force was set to 47N. Data were collected until the sample 

was ruptured. Strain-stress curves were recorded by the Exponent software. For each type of dressing 

(sterilized and not sterilized) a minimum of 8 samples was tested. 

Hydrated samples (before and after sterilization) were submitted to compression tests. Specimens 

were cut in circular shape with an 8mm diameter, blotted gently with absorbent paper and placed bellow a 

small metallic probe attached to the equipment. To make sure that the hydrogel was fully attached to the 

probes a preloading tare was done with maximum force set at 13g and speed at 0.03mm/sec. After the 

preloading, the force was set to zero and a constant speed of 0.02 mm/sec was determined. The maximum 

applied force was 45N. Data were collected until the hydrogel was fully compressed by the probe. A 

minimum of 7 samples was tested for every hydrogel type.  

All tests were carried out in room temperature at Materials and Nanotechnologies Laboratory of 

Instituto Superior Técnico. 

 

a)                                                                   b) 

Figure 2.5: Typical setup of the TA.XT express texturometer for compression (a) and tensile test (b). 

2.2.3.4 Morphology 

The morphology of the samples was analyzed using a Field Emission Gun (FEG) SEM JEOL JSM-

7001F SEM. Before the SEM analysis, the surfaces were coated with gold (Au) and palladium (Pd). For the 

tests, samples were cut in small discs (5 mm diameter), placed in the -80⁰C freezer for 1 day and lyophilized 

overnight. SEM images were obtained under the following magnifications: x40, x200 and x1000. 

The SEM imaging and the Au-Pd deposition were done in the MicroLab, Electron Microscopy Laboratory 

of Instituto Superior Técnico. 

2.2.3.5 Irritation (HET-CAM test) 

Fertilized hen’s eggs were incubated (Intelligent Incubator 56S) at 37 ± 0.5°C with 60 ± 3% RH for 

8 days. During this period the eggs were manually rotated 180° three times a day and on the 9th day they 

were cut using a rotary saw (Dremel 300, Breda). Upon the removal of the cut part of the shell, with the aid 

of a scalpel, the inner membrane was moistened with a 0.9% NaCl solution and the eggs were incubated 

again for 30 minutes. Then the inner membrane was removed carefully and the chorioallantoic membrane 

(CAM) was exposed. Triplicates of non- sterilized AbsorKi®, HemoKi and HidroKi® samples (discs of 8 mm 

diameter) were placed directly on the CAM, and remained there for 5 minutes. NaCl (0.9%) and NaOH (0.1 
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M) solutions (300μL) were used as negative and positive controls, respectively. The progress of the process 

was observed within the time that was mentioned above and the occurrence of possible lysis, hemorrhage 

and coagulation of the blood vessels on the CAM was documented. 

 

2.2.4 Drug loading/release experiments 

2.2.4.1 Drug loading 

The incorporation of all PHMB and CHX into the different types of wound dressings was done using 

the soaking method. Small discs of material with diameter of 14 mm for the dry dressings and 16 mm for 

the hydrated were immersed into 5 mL of drug solution with a known concentration, for 24 hours at 36ºC 

and 180 rpm in an incubating Mini Shaker (VWR). Before the soaking, the hydrated samples were gently 

blotted with absorbent paper to remove the excess of water on the surface.   

The solutions used for loading were obtained by dissolving PHMB in PECF with a concentration of 

0.5mg/mL and CHX in distilled and deionized (DD) water with a concentration of 5mg/mL. 

2.2.4.2 Drug release testing 

The drug release testing was carried out in the Franz cell diffusion system built in our laboratory 

(Figure 2.6). Six clean, dried receptor cells were filled with preheated PECF solution (6.5 mL) and placed 

in the Franz cell equipment once the temperature of the system reached the 34ºC. The temperature was 

chosen due to the resemblance of the wound bed temperature on the skin. Next, each sample was mounted 

between the donor and the receptor compartments. The samples were surrounded by a rubber ring oiled 

with Vaseline. The top opening of the donor compartment and the sampling port of the receptor 

compartment were sealed with glass stoppers, which include a rubber ring, guaranteeing that all openings 

were occluded to prevent evaporation. The solution in the receptor compartment was stirred with a magnet. 

Using a pipette, sample volumes (200μL) were extracted for determination of the drug concentration by 

using UV-Vis spectroscopy (Multiskan™ GO Microplate Spectrophotometer of Thermo™ Scientific) at 

characteristics wavelengths for each drug. Then, the same volume of fresh preheated PECF medium was 

reintroduced into the receptor as a replacement. Samples were taken every hour for the first 8 hours and, 

after that, at 24 hours and 48 hours. The mass of the released drug was calculated based on the principles 

of Beer’s Law. 

 

(A) (B) 

Figure 2.6: The Franz cell platform used for drug release (A). A ready-to-use Franz cell for a drug release 

experiment. The copper helix inside the acceptor compartment works as a stirrer (B). 
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The wavelengths for each drug are the followings: 235nm for PHMB and 255nm for CHX. 

Calibration curves with concentrations inside the linearization range of the spectrophotometer were 

determined for each drug. 

During the coagulation step of AbsorKi® an error occurred and it was impossible to obtain CHX 

loaded samples and perform the drug release experiments. Therefore, only the effect of HHP sterilization 

was studied for CHX- AbsorKi® samples. In Table 3 are presented all the sterilization methods that were 

tested for each drug loaded dressing. 

 

Table 3: Drug release studies of wound dressings depending on the sterilization method. 

 Autoclave HHP γ-radiation 
AbsorKi® PHMB PHMB/CHX PHMB 
HemoKi PHMB/CHX PHMB/CHX PHMB/CHX 
HidroKi® PHMB/CHX PHMB/CHX  

 

2.2.5 Microbiological tests 

2.2.5.1 Determination of drug antimicrobial activity 

The antimicrobial activity of the dressings, which presented the best release profiles and best 

physical properties, was tested against P. aeruginosa (ATCC 15662) and S. aureus (ATCC 25923) by 

turbidimetry in Mueller-Hinton Broth (MHB, BD Quilaban). The broth medium was prepared in Schott flasks 

and autoclaved. The bacterial suspension, which was added later to the broth, was prepared by removing 

colonies from the respective bacteria and by adding them to a 0.9% NaCl sterile solution to achieve a 

turbidity of 0.5 McFarland for P. aeruginosa and 1 McFarland for S. aereus. Triplicates of each sample 

(discs of 5 mm diameter) were placed individually in a 24-well plate (Figure 2.7). Afterwards, 10 μL of 

bacterial suspension and 500 μL of MHB were deposited on each well. Three of these wells corresponded 

to the positive control. Only the wells corresponding to the negative control did not contain any bacteria. 

Then the plates were incubated in the oven at 37oC under stirring at 100rpm for 24 hours. After that, 200 

μL of homogenized solution were extracted and placed individually in a 96-well plate. The optical density 

was measured using a spectrophotometer (Platos R 496 Microplate Reader) by reading the wavelength at 

630 nm.  All the procedures mentioned previously were carried out in a laminar flow chamber to guarantee 

aseptic conditions. The experiment was done for both drugs PHMB and CHX. 

 

Figure 2.7: Triplicates of each sample placed individually in a 24-well plate being in contact with the 

bacterial suspension.  
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2.2.5.2 Sterility tests 

Since the sterilization of biomaterials by HHP is a recent method, its reliability needs to be 

evaluated. Therefore, sterility tests were carried out only for the dressings subjected to this method. The 

conditions applied during steam and pressure sterilization and sterilization by gamma radiation ensure that 

the dressings are sterile. 

The sterility tests were conducted in the Laboratory of Applied Microbiology of Egas Moniz 
(LMAEM). Two mediums were prepared for the experiment: Thioglycolate Medium (TIO) used for 
observation of potential bacterial growth and Caso-Broth (Tryptone-Soya) for fungal growth. The 
Thioglycolate Medium was incubated at 30oC for 14 days while the Caso-Broth was incubated at 25oC for 
the same period of time. Triplicates of the different type of dressings (discs of 8 mm diameter) were 
immersed in 50 mL of the mediums contained in Schott flasks, under aseptic conditions, and then they were 
placed in the oven under the respective temperature and time corresponding to each microorganism 
growth. Example of each one of the Schott flasks used for the experiment is presented in Figure 2.8. The 
evaluation of the sterility was done by visual inspection of turbidity, which indicates the presence of 
microorganisms in the medium due to contaminated samples. 
 

 
 

Figure 2.8: Schott flasks containing the mediums used for the sterility tests. 
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3. Results 

 

3.1 Characterization of wound dressings 

3.1.1 Physical properties 

The developed chitosan based materials were characterized through the measurement of several 

properties which are important for their application as dressings, namely swelling, wettability, mechanical 

properties, morphology and the potential irritancy of the skin (HET-CAM test).  

3.1.1.1 Swelling 

In Figure 3.1 it is presented the swelling capacity of the dry dressings. It is obvious that both materials 

displayed high water sorption ability. However, if the materials are compared, it can be seen that the 

swelling capacity of AbsorKi® (531.3%) is almost six times smaller compared to the capacity of HemoKi 

(2967.7%). The experiments for both the dressings were carried out for 48 hours. The swelling capacity of 

HidroKi® is shown in a separate figure (Figure 3.2) because it is one order of magnitude smaller 

 

Figure 3.1: Swelling of AbsorKi® and HemoKi without sterilization in DD water for 48 hours at room 

temperature. The error bars are the maximum ± standard deviations (n = 4).  

  

 

Figure 3.2: Swelling capacity of HidroKi® in DD water for 48 hours at room temperature. The error bars 

are the maximum ± standard deviations (n = 4).  
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3.1.1.2 Wettability 

The evaluation of the wettability of HidroKi® was done by measuring the contact angle with the 

captive bubble technique, whereas contact angle measurements for AbsorKi® and HemoKi were not 

possible due to their extremely high soaking ability and hydrophilic nature. 

Figure 3.3 shows the evolution of HidroKi® contact angle in DD water with time. The obtained 

average value was 38 ± 6o and was approximately constant for 3 minutes.  

 

 

Figure 3.3: Average value of HidroKi® water contact angle without sterilization and its evolution through 

time.  

 

3.1.1.3 Mechanical properties 

In order to obtain successfully developed wound dressings, properties such as elasticity and 

resilience need to be acquired. The application of dressings on the wound bed often requires stretching of 

the product while its shape is retained. Thus, elasticity is a crucial parameter for the production of wound 

dressings.  Mechanical tests were conducted to evaluate the following properties of the developed 

materials: Young’s modulus (YM) measures the stiffness or rigidity of the product; tensile strength (TS) 

indicates the maximum amount of stress that a material can withstand; breaking strength (BS) displays the 

amount of stress that is applied before a material undergoes permanent deformation; elongation at break 

(E) describes the capacity of the material to resist changes in shape without cracking; compression strength 

(CS) refers to the ability of a material to withstand stress tending to reduce its size. For AbsorKi® and 

HemoKi tensile tests were performed, while for HidroKi® compression tests were carried out due to the 

brittle nature of the material. From the stress-strain curves that were plotted in Excel the most important 

mechanical parameters were calculated. The stress-strain curves obtained from the tensile and the 

compressive test for all samples are presented in the Annex. 

Table 4 lists the results from the tensile tests for AbsorKi® and HemoKi and from the compression 

test for HidroKi®. For the lyophilized materials tensile strength, elongation at break, Young’s modulus and 

breaking strength were calculated, while for the hydrated one, only Young’s modulus and compression 

0

10

20

30

40

50

60

0 50 100 150 200

C
o

n
ta

ct
 A

n
gl

e 
(d

eg
re

es
)

Time (s)



35 
  

strength were calculated. It is clearly seen that all materials are not resistant to loads (low TS and CS,) and 

do not exhibit elasticity (low YM values).  

Table 4: Mechanical properties of the developed materials obtained from tensile test before sterilization. 

Wound 
dressing 

Tensile 
strength, MPa 
± SD 

Elongation at 
break, % ± SD 

Young’s 
Modulus, MPa 
± SD 

Breaking 
strength, MPa 
± SD 

Compression 
strength, 
MPa/mm ± SD 

AbsorKi® 0.5 ± 0.3 2 ± 2 0.2 ± 0.1 0.3 ± 0.2 - 
HemoKi 1.7 ± 0.8 10 ± 7 0.19 ± 0.04 1.2 ± 0.8 - 

HidroKi® - - 0.028 ± 0.004 - 0.27 ± 0.02 

 

3.1.1.4 Morphology 

The morphology analysis of the materials was performed by scanning electron microscopy (SEM). 

For all materials, three images were taken using three different magnifications 40x, 200x and 1000x. Images 

with 1000x magnification are shown in the Annex. 

The morphologies of the three different formulations of chitosan based hydrogels are shown in 

Figures 3.4-3.6 for two different magnifications. AbsorKi® after lyophilization exhibits a highly irregular 

surface with large interconnected pores (Figure 3.5 A-B). On the other hand, the surface of HemoKi, despite 

the lyophilization, looks smoother and the pore size decreased due to the addition of genipin as a cross-

linking agent. Despite its dense surface (due to the reduction of pores), HemoKi macroscopically exhibits a 

spongy texture like AbsorKi®. HidroKi® samples (Figure 3.6 A-B) have very irregular surfaces with many 

well defined pores. 

 

Figure 3.4: SEM image of AbsorKi® at magnifications x40 (A) and x200 (B). 
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Figure 3.5: SEM image of HemoKi at magnifications x40 (A) and x200 (B). 

  

 

Figure 3.6: SEM image of HidroKi® at magnifications x40 (A) and x200 (B). 

 

3.1.1.5 Irritation (HET-CAM) test 

The HET-CAM test is a well-established prediction model for eye irritation due to chemicals but it 

can also be used as a wound model. Images of CAM (Fig. 3.7 A-C) after 5-minute exposure to non-sterilized 

samples of the three different materials did not show any visual lysis, hemorrhage or coagulation. On the 

other hand, Figure 3.7 E shows the response of CAM to the positive control (addition of NaOH) where 

hemorrhage and coagulation of the CAM was observed almost instantly and increased with time. 
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Figure 3.7: Chorioallantoic membrane images after 5-minute contact with not sterilized: AbsorKi® samples 

(A); HemoKi samples (B), HidroKi® samples (C); negative control (D) and positive control (+). 

 

3.1.2 Drug release 

Drug release experiments were performed to assess the drug release kinetics and the final amount 

of drug released from the developed chitosan based materials. All the drug release experiments were 

carried out by using a Franz cell diffusion system and the medium chosen for the diffusion of the drug was 

PECF. All types of dressings were loading individually with two different antiseptic drugs: PHMB and CHX.  

AbsorKi® and HemoKi after the loading were lyophilized in order to be dehydrated.  

3.1.2.1 PHMB drug release 

Figure 3.8 shows the release profiles of PHMB from AbsorKi®, HemoKi and HidroKi®. It can be 

seen that dressings AbsorKi® and HemoKi exhibit a similar behavior throughout the 48 hours of the test. 

The amount of drug released by the dressings AbsorKi® and HidroKi® is considerably higher than that 

released by HemoKi. An initial burst of PHMB can be observed in the first hour, but after that, a controlled 

release was obtained for the three dressings. 

 

Figure 3.8: PHMB release profiles from all materials. The error bars are the maximum ± standard deviations 

(n = 6). 
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3.1.2.2 CHX drug release 

In Figure 3.9 it is depicted the drug release profiles of CHX for the three dressings. It is obvious 

that the release of HidroKi® is very low throughout the 48 hours. Initially, there is sustained release which 

is maintained at low level though. The release profiles for the lyophilized dressings are similar, as it 

happened for the release of PHMB, but in this case HemoKi released the double amount of drug compared 

to AbsorKi. There is a release burst in the first hour which is more significant  

 

Figure 3.9: CHX release profiles from all materials. The error bars are the maximum ± standard deviations 

(n = 6). 

 

3.2 Effect of sterilization on wound dressings 

To evaluate the effect of the sterilization on the developed materials, the same properties studied 
for non-sterilized samples were assed for the sterilized samples, under the exact same conditions. 
AbsorKi® and HemoKi were sterilized in the dry state, upon lyophilization, by the three methods (steam 
and pressure, HHP and gamma radiation), while HidroKi® was studied only for steam and pressure 
sterilization and HHP.  

 

3.2.1 Effect of sterilization on the physical properties of the dressings 

3.2.1.1 Effect of sterilization on swelling 

 AbsorKi® 

In Figure 3.10 it is presented the swelling capacity of AbsorKi® samples non-sterilized and sterilized 

by the three different methods. The swelling capacity of all sterilized samples increased relatively to the 

non-sterilized sample. Sterilization with gamma radiation and high hydrostatic pressure led to the largest 

changes. Compared to non-sterilized AbsorKi®, gamma irradiated samples with 25kGy reached a capacity 

of 1467 % approximately, which is 3 times higher than the water uptake of the material without sterilization. 

Finally, the most significant increase in the water affinity was caused by HHP where the swelling capacity 

reached almost 2296.5% of their dry weight. 
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Figure 3.10: Swelling profile of AbsorKi® (with and without sterilization) in DD water for 48 hours at room 

temperature. The error bars are the maximum ± standard deviations (n = 4).  

 HemoKi 

The swelling capacity of HemoKi before sterilization and after the different sterilization methods is 
displayed in Figure 3.11. All sterilization methods led to a decrease in the swelling capacity of this material. 
The lowest swelling capacity (310.9%) is a result of the steam and pressure sterilization. The swelling ratio 
of the samples sterilized by HHP increased (1195.3%) compared to the steam and pressure sterilization 
but it is still lower compared to the non-sterilized samples. Finally, the sterilization by gamma radiation led 
to highest swelling capacity (1467.2%) compared to the other two sterilization methods.  
 

 

Figure 3.11: Swelling profile of HemoKi (with and without sterilization) in DD water for 48 hours at room 

temperature. The error bars are the maximum ± standard deviations (n = 4). 

 HidroKi® 

In Figure 3.12 is presented the swelling capacity of non-sterilized HidroKi® and sterilized by steam and 

pressure and by HHP. It is obvious that both sterilization methods increased the ability of HidroKi® to absorb 
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water compared to the non-sterilized material (8.2%). Steam and pressure sterilization caused the most 

significant change leading a swelling capacity of 35%, while HHP led to 28.1%.  

 

Figure 3.12: Swelling profiles of HidroKi® prior and upon sterilization in DD water for 48 hours at room 

temperature. The error bars are the maximum ± standard deviations (n = 4). 

 

3.2.1.2 Effect of sterilization on wettability 

Figure 3.13 shows the experimental contact angles of non-sterilized and sterilized HidroKi® 

samples in DD water. Sterilization by HHP caused an increase of approximately 5o in the contact angle 

compared to non-sterilized samples (42 o ± 4 o vs 38 o ± 6o), thus decreasing the wettability. Steam and 

pressure sterilization had a small effect on the wettability of HidroKi®, relatively to non-sterilized samples, 

since the difference between the contact angles before and after sterilization is not significant. 

 

Figure 3.13: Water contact angles for HidroKi® before sterilization and after steam pressure and HHP 

sterilization. The error bars are the maximum ± standard deviations (n = 3). 
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Figure 3.14 shows that HidroKi® non-sterilized and sterilized by steam pressure and by HHP 

maintains the measured contact value throughout the time of the experiment (3 minutes).  

 

Figure 3.14: Evolution of HidroKi® water contact angle through time.  

 

3.2.1.3 Effect of sterilization on mechanical properties 

In order to assess the effect of the various sterilization processes, tensile tests were carried out for 

AbsorKi® and HemoKi and compression tests for HidroKi®. The values that are listed in the Tables 5, 6, 7 

are calculated based on the stress-strain curves that were obtained from the experiments.   

 AbsorKi® 

AbsorKi® samples were tested for the three different conditions: sterilized by steam and pressure, by 

HHP and by sterilization with gamma radiation (25 kGy). Tensile strength, elongation at break, Young’s 

modulus and breaking strength are listed in Table 5. The experimental values for non-sterilized are also 

included in Table 5 for comparison purposes. The results for the non-sterilized samples demonstrate that 

the material is not resistant to loads and, thus, it can be raptured easily. The sterilization method that 

appears to worsen the properties of the samples is gamma radiation. The values of YM indicate that the 

irradiation made the material more rigid (low tensile strain) and the breaking strength was reduced to the 

half compared to non-sterilized samples. On the other hand, sterilization by HHP appears to improve the 

material’s properties. The TS value is significantly higher, which makes the dressing capable of remaining 

intact for longer time while it is being elongated. The YM is moderate but higher than the values obtained 

with the other samples meaning that the elasticity is higher for the samples sterilized by HHP. Regarding 

the findings for the effect of steam and pressure on AbsorKi®, it can be inferred that there was a slight 

change in the properties of the sterilized samples compared to the non-sterilized. The material lost a part 

of its elasticity (lower YM) and the capacity to resist to load (lower TS). 
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Table 5: Mechanical properties of AbsorKi® obtained from tensile test. 

Sterilization 
method 

Tensile strength, 
MPa ± SD 

Elongation at 
break, % ± SD 

Young’s Modulus, 
MPa ± SD 

Breaking strength, 
MPa ± SD 

No sterilization 0.5 ± 0.3 2 ± 2 0.6 ± 0.1 0.3 ± 0.2 

Steam and 
pressure 

0.27 ± 0.15 3 ± 2 0.09 ± 0.04 0.2 ± 0.2 

HHP 3 ± 2 16 ± 4 1.2 ± 0.4 1.8 ± 0.4 

Gamma 
radiation 

0.19 ± 0.05 2.1 ± 1.2 0.03 ± 0.01 0.15 ± 0.05 

 

 HemoKi 

The results from the mechanical tests of HemoKi which were carried out for non-sterilized and sterilized 

samples by all the methods, are presented in Table 6. Like in the case of AbsorKi®, the obtained information 

about HemoKi indicate that its mechanical properties are weak. Once again sterilization with gamma 

radiation has a negative effect on the material by lowering its resilience and resistance to strain. Sterilization 

by steam and pressure made the material more brittle and stiff, as it can be seen by the decrease in the TS 

and YM values. The only sterilization method that improved in general the properties of HemoKi samples 

is HHP. According to the value of TS it is obvious that the material became more resistant and can withstand 

more stress until it raptures completely. The E% increased significantly implying that the shape of the 

material is retained during the application of force while the elasticity is also increased.  

Table 6: Mechanical properties of HemoKi obtained from tensile test. 

Sterilization 
method 

Tensile strength, 
MPa ± SD 

Elongation at 
break, % ± SD 

Young’s Modulus, 
MPa ± SD 

Breaking strength, 
MPa ± SD 

No sterilization 1.7 ± 0.8 10 ± 7 0.19 ± 0.04 1.2 ± 0.8 

Steam and 
pressure 

1.4 ± 0.7 20 ± 9 0.12 ± 0.07 1.4 ± 0.7 

HHP 4.6 ± 0.9 39 ± 7 0.9 ± 0.2 3.9 ± 0.7 

Gamma 
radiation 

1.16 ± 0.02 14 ± 3 0.17 ± 0.02 1.1 ± 0.1 

 

 HidroKi® 

In Table 7 are listed the results from the compression tests for HidroKi®. From the YM and CS values 

obtained after sterilization by HHP and steam and pressure sterilization, it can be inferred that the material 

is not resilient and not resistant when force is applied. However, the obtained values after steam and 

pressure sterilization are slightly increased compared to the HHP values. 

Table 7: Mechanical properties of HidroKi® obtained from compression test. 

Sterilization method Young’s Modulus, MPa ± SD Compression strength, 
MPa/mm ± SD 

No sterilization 0.028 ± 0.004 0.27 ± 0.02 

Steam and pressure 0.031 ± 0.005 0.32 ± 0.07 

HHP 0.024 ± 0.004 0.26 ± 0.01 
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3.2.1.4 Effect of sterilization on the morphology  

The morphological analysis of the sterilized materials was performed by scanning electron microscopy 

(SEM) under the same conditions as it was conducted for the non-sterilized dressings. Images with x1000 

magnification are also cited in the Annex. 

 AbsorKi® 

The surface of AbsorKi® after steam and pressure sterilization (Fig. 3.15 A-B) appears to be more 

flat in contrast to the irregular surface of the material without sterilization (see Figure 3.4). It can be seen 

that there are still pores though. Sterilization by HHP generated tremendous alterations on the material’s 

surface as evidenced by Figure 3.16 A-B when compared with the surface of the non-sterilized material 

(Figure 3.4). The surface is very compressed and smooth while there are no evident signs of pores despite 

the lyophilization process. However, this observation is not reflected in the swelling capacity which was 

increased significantly after sterilization. Figure 3.17 (A-B) presents the effect of sterilization by gamma 

radiation on AbsorKi®. The surface is very rough and the pores seem to be enhanced compared to the 

other sterilization methods.  

 

 

Figure 3.15: SEM image of AbsorKi® with steam and pressure sterilization at magnifications x40 (A) and 

x200 (B). 

 

Figure 3.16: SEM image of AbsorKi® with HHP sterilization at magnifications x40 (A) and x200 (B). 
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Figure 3.17: SEM image of AbsorKi® with sterilization by gamma radiation (25kGy) at magnifications x40 

(A) and x200 (B).  

 

 HemoKi 

The SEM images of HemoKi samples sterilized by steam and pressure (Figure 3.18 A-B) display the 

impressive effect of temperature on the material’s surface. The pores have almost been removed and the 

surface appears to be very smooth and dense.  

 

Figure 3.18: SEM image of HemoKi with steam and pressure sterilization at magnifications x40 (A) and 

x200 (B). 

Sterilization by HHP affected also the surface of HemoKi as it is demonstrated in Figure 3.19 (A-

B). The surface is denser and compressed uniformly but small pores still exist.  
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Figure 3.19: SEM image of HemoKi with HHP sterilization at magnifications x40 (A) and x200 (B). 

The SEM images in Figure 3.20 (A-B) represent the HemoKi samples after being submitted to 

sterilization by gamma radiation with 25 kGy. The surface is still smooth and dense in some parts but in 

others it became irregular and slightly rough. Unlike it happened after HHP, numerous small pores are still 

evident on the surface of the sample. 

 

Figure 3.20: SEM image of HemoKi with sterilization by gamma radiation (25kGy) at magnifications x40 

(A) and x200 (B). 

 

 HidroKi® 

Sterilization by steam and pressure resulted in the roughening of the surface as shown in Figure 3.21 

(A-B). The pores are not well defined anymore, as they were before the sample was sterilized. The 

sterilization of HidroKi® by HHP altered the surface morphology by compressing the material and 

decreasing the size of the pores, as demonstrated in Figure 3.22 (A-B). Despite the pores, it can be seen 

that the surface is still homogeneous. 
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Figure 3.21: SEM image of HidroKi® with steam and pressure sterilization at magnifications x40 (A) and 

x200 (B). 

 

Figure 3.22: SEM image of HidroKi® with HHP sterilization at magnifications x40 (A) and x200 (B). 

 

3.2.2 Effect of sterilization on drug release 

Drug release experiments were performed to assess the effect of the different sterilization methods 

in the release kinetics and the final amount of drug released from the developed chitosan based materials. 

All experiments were carried out under the same conditions as it happened for the non-sterilized samples, 

including the drug loading process for both PHMB and CHX. The lyophilized materials, AbsorKi® and 

HemoKi, were tested for all the different sterilization methods: Steam and pressure, HHP and gamma 

radiation, while the hydrated one, HidroKi®, was tested only after steam and pressure sterilization and HHP 

sterilization. 

3.2.2.1 PHMB drug release 

 AbsorKi® 

Figure 3.23 demonstrates the release profiles of PHMB from AbsorKi® sterilized by steam and 

pressure, HHP and sterilized with 25 kGy gamma radiation and non-sterilized. 
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Figure 3.23: PHMB release profiles from AbsorKi® samples non-sterilized and sterilized by three different 

methods. The error bars are the maximum ± standard deviations (n = 6). 

For AbsorKi® sterilized by steam and pressure presents an increased release of PHMB in the first 8 

hours and the total amount of drug is released almost completely at the end of the 48 hours.  The AbsorKi® 

samples sterilized by HHP and sterilized with 25 kGy gamma radiation have similar profiles along the 48 

hours even though the amount of PHMB released after gamma radiation sterilization is slightly smaller. For 

all the methods, there is observed an initial small burst in PHMB release and almost all the drug is released 

in the first 24 hours.  

 HemoKi 

The drug release profile of HemoKi is presented in Figure 3.24 for all the different sterilization methods 

and without sterilization. From the graph can be seen that all the samples exhibit an initial burst of PHMB 

for the first 8 hours. The profiles of HemoKi sterilized by HHP and steam and pressure are very similar. 

After the 8 hours of release and onwards it can be observed that all releases reached a plateau. 

 

Figure 3.24 PHMB release profiles of HemoKi samples sterilized by the three different methods and not 

sterilized. The error bars are the maximum ± standard deviations (n = 6). 
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 HidroKi® 

The release profiles of HidroKi® loaded with PHMB are presented in Figure 3.25. From the results it 

can be seen that the release of the drug from the samples sterilized by steam and pressure and HHP is 

very low. In the first 8 hours the drug was released from both dressings but the amount is significantly low. 

After the 48 hours the releases from all dressings reached a plateau. 

 

Figure 3.25 PHMB release profiles of HidroKi® non-sterilized samples and sterilized by the two different 

methods. The error bars are the maximum ± standard deviations (n = 6). 

 

 

3.2.2.2 CHX drug release 

 

 AbsorKi® 

As it was mentioned previously regarding the preparation of the hydrogels due to an error that occurred 

during the coagulation step it was impossible to obtain CHX loaded samples for sterilization with steam and 

pressure and gamma radiation. Therefore, the only drug release results which are obtained correspond to 

samples sterilized by HHP. These release profiles of AbsorKi® are presented in Figure 3.26. In the first 

hours of release there is a burst and most of the drug is released after the 24 hours.  
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Figure 3.26: CHX release profiles of AbsorKi® samples sterilized by HHP and without sterilization. The 

error bars are the maximum ± standard deviations (n = 6). 

 HemoKi 

The release profiles of CHX from HemoKi are presented in Figure 3.27 where samples are sterilized 

by three different methods: sterilized with steam and pressure, HHP and sterilized with 25 kGy gamma 

radiation and non-sterilized. For all sterilized HemoKi samples it is possible to see that the release profiles 

are very similar. After the 8 hours the release of CHX in the case of steam and pressure sterilization is slow 

and the total amount of drug increased slightly compared to the CHX release from samples sterilized by 

HHP and gamma radiation where the released amount is almost equal. The concentration of CHX released 

by non-sterilized samples has a similar release curve but the amount is lower relatively to the sterilized 

samples.  

 

Figure 3.27 CHX release profiles of HemoKi samples non-sterilized and sterilized by the three different 

methods. The error bars are the maximum ± standard deviations (n = 6). 
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 HidroKi® 

In Figure 3.28 the release profiles of CHX from HidroKi® are presented for sterilization by steam and 

pressure and HHP and without sterilization. 

 

Figure 3.28 CHX release profiles of HidroKi® samples sterilized by the two different methods, steam and 

pressure and HHP sterilization. The error bars are the maximum ± standard deviations (n = 6). 

It is possible to see that both HidroKi® sterilized samples yield similar release profiles with no significant 

difference between the released amount of CHX. In the first 8 hours the concentration of the released drug 

is low but remains sustained.  

 

3.2.3 Effect of sterilization on microbiological activity of the dressings 

3.2.3.1 Sterility results 

To assess the efficiency of the sterilization method by HHP, the direct inoculation technique was 

used and the obtained results are presented in Table 8.  

Table 8: Sterility test results of chitosan based hydrogels. 

Material Steam and 
pressure  

High hydrostatic 
pressure  

Gamma radiation 
(25 kGy) 

AbsorKi® Sterile Sterile Sterile 

HemoKi Sterile Sterile Sterile 

HidroKi® Sterile Sterile Sterile 

 

After the 14 days of incubation the dry samples did not show any turbidity in the medium. Therefore, 

both AbsorKi® and HemoKi were sterilized successfully by HHP. However, one of the TSA mediums 

containing HidroKi® samples became hazy suggesting possible contamination. To prove the assumption a 

small amount of the turbid medium was extracted and spread on a Petri dish containing Mueller Hinton 

Agar. Afterwards the plate was incubated for 24 hours at 36°C. Bacterial colonies were formed on the plate 

verifying the contamination. Since the other two mediums with the HidroKi® samples were sterile, it was 

concluded that the bacterial colonies were formed due to cross contamination in the lab and it was not 

related to the sterilizing process. 
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The standard conditions applied to the other two sterilization methods, steam pressure and gamma 

radiation ensure the sterility of the studied materials. 

 

3.2.3.2 Microbiological activity 

The antibacterial activity of the drug loaded samples was assessed by measuring their optical 
density after being incubated individually with solution containing S. aureus and P. aeruginosa, respectively. 
The tested samples were loaded with PHMB and CHX and were sterilized with different methods. For the 
selection of each method not only the drug release profiles were considered but also results referring to the 
properties of the materials after being submitted to different sterilization methods. 

 For the sterilization of drug loaded AbsorKi® the HHP method was chosen for both drugs. In 
general, the obtained results after HHP were better compared to the results obtained after steam and 
pressure sterilization and gamma radiation. Despite the fact that the drug release of PHMB after HHP was 
lower relatively to the release after steam and pressure, the mechanical properties were improved after 
HHP and SEM analysis showed that steam and pressure degraded the surface morphology of AbsorKi®, 
while HHP did not. Regarding HemoKi, the sterilization method that was selected for both drugs was HHP. 
Once again, a general evaluation of the obtained results of the three methods was done. Even though the 
information regarding the swelling capacity of HemoKi showed that it was higher for gamma radiation than 
for HHP, and the drug release of CHX after steam and pressure sterilization was almost equal to the HHP 
release, the later method was chosen due to the undoubtable improvement of the mechanical properties of 
HemoKi. Finally, for HidroKi® different sterilization methods were chosen for PHMB and CHX by combining 
the findings of all the tests. To assess the activity of PHMB HHP was chosen because, despite the fact that 
the mechanical properties were improved slightly upon steam and pressure, the amount of drug released 
after this method was higher compared to the released amount of drug after steam and pressure 
sterilization. Since the concentrations of the released drugs for both methods were very low, the small 
increase after HHP played the most important role into making this decision. For the evaluation of the 
antimicrobial activity of CHX, it was chosen the steam and pressure sterilization. The results that were taken 
mainly into consideration were related to the swelling capacity of HidroKi® and its mechanical properties 
since the drug release for steam and pressure and HHP was almost equal. 

Table 9 presents the sterilization methods that were selected for each type of wound dressing. 

 

Table 9: Selected sterilization methods for testing antimicrobial activity of the wound dressings. 

 AbsorKi® HemoKi HidroKi® 

PHMB HHP HHP HHP 

CHX HHP HHP Steam and Pressure 

 

 Staphylococcus aureus 

Figure 3.29 presents the relative values for the optical densities of the incubated solutions containing 

bacteria obtained after 24 h of contact with samples loaded with PHMB. All samples affected the bacterial 

growth by destroying most of the bacteria in the well-plate. Both AbsorKi® and HemoKi have lower optical 

density compared to HidroKi®, which makes the lyophilized dressings more effective in killing S.aureus 

compared to the hydrated one.  
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Figure 3.29: Relative values of the optical density of the incubation solutions containing S. aureus and 
samples loaded with PHMB. The error bars are the maximum ± standard deviations (n=3). 
 
 

Figure 3.30 demonstrates the relative values of the optical densities of the incubation solution with S. 

aureus at the same conditions as mentioned before. In this case the samples were loaded with CHX. The 

obtained values indicate that all the samples inhibited the bacterial growth remarkably. For HemoKi 

approximately the same amount of bacteria was destroyed as it happened when HemoKi was loaded with 

PHMB. On the contrary, HidroKi® exhibits higher effectiveness when it is loaded with CHX rather than with 

PHMB. 

 

Figure 3.30: Relative values of the optical density of the incubation solutions containing S. aureus and 

samples loaded with CHX. The error bars are the maximum ± standard deviations (n=3). 
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 Pseudomonas aeruginosa 

The relative values of the optical densities obtained after 24 hours of incubating solution containing 

P.aeruginosa in contact with dressings loaded with PHMB and CHX are presented in Figure 3.31 and Figure 

3.32, respectively. In the case of PHMB, it can be seen that this drug displays growth inhibitory effects for 

the three types of material. Among the three dressings, AbsorKi® exhibits the lowest optical density 

implying that killed more bacteria relatively to HemoKi and HidroKi®.  

 

Figure 3.31: Relative values of the optical density of the incubation solutions containing P.aeruginosa 
and samples loaded with PHMB. The error bars are the maximum ± standard deviations (n=3). 
 

Furthermore, the same behavior was observed for CHX. More specifically, the optical densities for 
all samples are very low indicating that the drug-loaded samples were very efficient against P. aeruginosa. 
From the obtained results can be seen that the efficient dressing was HemoKi compared to the other two. 

 

 

Figure 3.32: Relative values of the optical density of the incubation solutions containing P.aeruginosa and 

samples loaded with CHX. The error bars are the maximum ± standard deviations (n=3). 
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4. Discussion 

After skin damage, the process of wound healing is very complex. It involves not only several biological 

processes and mechanisms but also the risk of contamination when the wound is in contact with pathogenic 

microorganisms73. Therefore, the production of medical products that protect the wound and accelerate the 

wound healing process is imperative. Several wound dressings are available on the market for many 

decades. In this work, an effort was made to produce efficient drug loaded chitosan based wound dressings 

and study the effect of various sterilization methods on them. Several tests were conducted in order to 

assess the properties of the developed materials, namely AbsorKi®, HemoKi and HidroKi® before and after 

sterilization and, if possible, to choose the best sterilization method. 

The swelling capacity is a crucial property for hydrogels that needs to be investigated. With the 

exception of HidroKi®, the other dressings with and without sterilization exhibit extremely high capacities 

for water sorption, which is associated with their spongy texture which was achieved due to lyophilization74. 

All sterilization methods increased the swelling capacity of AbsorKi® and HidroKi®, but decreased the 

swelling of HemoKi. For HidroKi® it was observed that non-sterilized samples demonstrate very low 

swelling capacity, while both sterilization methods (steam and heat and HHP) improved significantly this 

property. Concerning HHP, it is possible that the pressure caused alterations in the polymer chains and 

when the water molecules penetrated in the hydrogel network the chains expanded more, relatively to the 

expansion without sterilization, resulting in higher swelling uptake. In fact, the swelling of the samples 

AbsorKi® and HidroKi® sterilized by HHP increased compared to the non-sterilized samples. However, as 

observed for HemoKi, it is possible that the pressure and the increased temperature (from the pre-heating 

phase which was maintained during the high pressure processing) induced further cross-linking of the 

material. The matrix became denser and the porosity decreased resulting in lower water sorption than the 

unsterilized material. This fact is in agreement with the Flory theory and studies of other authors75,76,77,78. 

The observed swelling behavior after steam and pressure sterilization might be due to structural changes 

induced by the temperature applied inside the autoclave. Also, chitosan may not stand high temperatures 

and start to depolymerize, as it was stated in another study79. This may lead to the weakening of the van 

der Waals interactions between the polymeric chains. Gamma radiation is commonly used for cross-linking 

materials which explains why the swelling ratio of the irradiated HemoKi samples is lower than the non-

sterilized samples. This finding is in agreement with another study about cross-linking induced on hydrogels 

by gamma radiation80. Moreover, gamma radiation was the method with the smallest effect on the cross-

linking of genipin compared to the other methods and this can be inferred by the swelling of HemoKi. A 

possible explanation could be the fact that gamma irradiation takes place at room temperature, while during 

steam and pressure and HHP the temperature is elevated increasing the cross-linking degree and thus 

reducing the swelling capacity of the material. However, the irradiation can also cause a modification in the 

chemical bonds of the polymer leading to higher affinity to water molecules and therefore increasing the 

swelling capacity, as observed in the case of AbsorKi®. Researches have claimed that usually the amount 

of water diffusion into the hydrogel matrix is a function of the degree of cross-linking. If the cross-linking 

density is high, then the swelling capacity decreases because the mesh size in the hydrogel network is 

much smaller and thus less water molecules can enter81. The behavior of HemoKi, which was cross-linked 

by genipin, where the swelling capacity for non-sterilized samples is much higher compared to the capacity 

of sterilized samples is in agreement with another study about the properties of chitosan-genipin hydrogels 

and may be explained by the enhancement in the crosslink density82,83. In resume, it is claimed that when 

the cross-link density increases, then the free spaces within the hydrogel decrease resulting in the lowering 

of the swelling ratio.  

Wettability is a very important parameter for the function of wound dressings because it influences the 

rate of fluid absorption by these products, especially for exudate wounds84 and also affects the cells and 

microorganisms’ adhesion85. When the wettability of AbsorKi® and HemoKi was tested, it was used the 

sessile drop method. However, once the water bubble was placed on their surfaces it was instantly 

absorbed making the measurement impossible. This fact proves the hydrophilicity of the dry dressings. Due 



55 
  

to the aforementioned problem the measurement of contact angle was performed only for HidroKi®. 

Regarding the wettability results, it is difficult to compare the obtained data with other values reported in 

the literature since the most common method for measuring wettability of wound dressings is the sessile 

drop. In general, from the experimental data it was clear that the material is hydrophilic (low contact angle 

values) since chitosan is a biopolymer known for its hydrophilicity. Comparison of the contact angle values 

of sterilized and non-sterilized samples shows that that HHP decreased slightly the wettability of HidroKi® 

but overall, one may conclude that the sterilization process did not affect the wettability of the material. 

Moreover, the fact that the contact angle values maintained stable throughout the experiments indicates 

that the hydrogel is in equilibrium with the solution and there will be no further wetting of the surface. 

The mechanical properties of a wound dressing are essential for its good performance. In regard 
to clinical applications, wound dressings should possess appropriate characteristics, such as adequate 
strength, stiffness and flexibility, because they must be stress resistant in order to withstand the normal 
stress encountered during their application and handling86. By measuring some of the most critical 
parameters it can be concluded that overall the materials are generally weak and that can be fractured or 
be compressed easily. Such behavior could be expected since there are other studies which have shown 
that it is common for porous structures to exhibit inferior mechanical properties compared to dense 
structures87,86. The properties of AbsorKi® and HemoKi changed significantly after HHP, while for HidroKi® 
a small improvement in the properties was observed after steam and pressure sterilization. More 
specifically, the results obtained with AbsorKi® indicated that the sterilization method that appears to 
worsen the properties of the material is gamma radiation. The values of YM indicate that the irradiation 
made the material less rigid (low tensile strain value) and the breaking strength was reduced to the half 
compared to non-sterilized samples. This fact might have happened because irradiation induced changes 
in the matrix of the hydrogel and caused massive chain scission. On the other hand, sterilization by HHP 
appears to improve the material’s properties. The TS value is higher significantly, which makes the dressing 
capable of remaining intact for longer time while it is being elongated. These changes are a consequence 
of the high pressure that was applied to the sample during the sterilization process. Such high pressure 
(600 MPa) can alter the intermolecular distances and modify hydrophobic interactions and electrostatic 
bonds88 increasing the YM. Relatively to the effect of steam and pressure sterilization on AbsorKi®, it can 
be inferred that there was a slight change in the properties of the sterilized samples compared to the non-
sterilized. The material became less rigid (lower YM) and the capacity to resist to load decreased (lower 
TS). Similar behavior was observed for HemoKi based on the obtained experimental values. Once again, 
sterilization with gamma radiation has a negative effect on the material by lowering its resistance to strain. 
Such behavior is expected because the irradiation would further cross-link genipin and thus impair the 
mechanical properties of the dressing. Our findings about gamma radiation agree with the results from 
previous studies stating that cross-linking by gamma radiation (10, 25, 35, 50 KGy) resulted in brittle wound 
dressings86. Sterilization by steam and pressure made the material less brittle and stiff. Probably during the 
autoclaving process some thermal degradation of the material occurred enhancing the mobility of the 
chains. Concerning the HHP effect, according to the value of TS and EB it is obvious that the material 
became more resistant and can withstand more stress until it raptures completely. The E% increased 
significantly and the material became more rigid. Concerning HidroKi®, HHP almost had no effect on the 
mechanical properties of the material. This behavior could be explained by the fact that the samples are in 
contact with water during the sterilization; thus, the pressure is transmitted through the liquid and is applied 
uniformly in all directions. In contrast with the dry samples, the effects of steam and pressure on the 
hydrated samples are positive. Steam heat also did not lead to significant differences on YM and CS. 
Therefore, it is not possible to conclude about the best sterilization method for HidroKi®.  

Finally, the SEM analysis revealed significant changes in the surface morphology of all samples 

after sterilization for all the different methods that were applied. HHP reduced the sponge-like character of 

HemoKi and AbsorKi®. Regarding HemoKi, the presence of genipin led to a more compact structure, which 

was affected by the conditions during the sterilization and most likely was further cross-linked. Important 

changes in the surface morphology of HidroKi® were observed for both steam and pressure sterilization 

and HHP. However, these sterilization methods benefited the swelling capacity of the material and did not 

cause any deterioration to its mechanical properties. 
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Chronic wounds and large burns are susceptible to infection from pathogenic microorganisms. 
They can either be not very extensive and can be cured by local drug delivery or be more severe and their 
healing might require even surgical treatment89,90. Two widely used antiseptic drugs, PHMB and CHX, were 
chosen to be incorporated in our dressings. In order to simulate the actual drug release from the wound 
dressings to the skin, all the drug release experiments were performed using a Franz cell diffusion system. 
Also, the time frame that was set for these experiments was the 48 hours since it is unlikely that wound 
dressings will be used for more than two days on the wound. From the data gathered from all sterilized 
materials, it can be inferred that the drug release of both PHMB and CHX is controlled for the first 8 hours. 
Significant differences were noted regarding the concentration of the released drug. This variation among 
the two drugs could be due to the affinity of each drug to the different materials. Two of the materials are 
lyophilized and the other is hydrated; thus, the drugs could favor more one of these environments. 
Lyophilization is commonly used for the introduction of pores on a surface. The freezing rate and the 
freezing temperature can affect the pore size and this can further affect the amount of drug that enters in 
the material82. Most of the results that are presented indicate that the dry dressings led to higher 
concentration of released drug (for both PHMB and CHX) compared to the hydrated dressing. For HemoKi, 
the presence of genipin might also affect the interaction of the drug molecules with the hydrogel.  
Furthermore, the differences between the sterilization methods, might be attributed to possible interactions 
or chemical bonds which were formed between the material and the drug molecules during the sterilization 
process. Since the materials are immersed in drug solution for the loading process, the drug-loaded 
dressing can be affected by the sterilization conditions which occur at the same time, such as increased 
temperature during steam and pressure sterilization and high pressure during HHP. The only method that 
does not require the drug loading process and the sterilization process to happen simultaneously is gamma 
radiation. The samples are irradiated (25kGy) after the lyophilization but the gamma rays can influence the 
chemical or physical bonds of the material and induce further cross-linking in the case of HemoKi. Finally, 
further modifications in the hydrogels’ matrix may have occurred but they were not detected by the studied 
properties of the materials. 

The results from the HET-CAM tests did not exhibit any signs of visual lysis, hemorrhage or 
coagulation which implies that none of the materials induces skin irritation.  
 Microbiological tests were performed in order to evaluate and reassure the microbiological safety 
of the developed wound dressings. Infection spread has not been associated only with wound 
contamination from pathogens but also with medical devices. Terminal sterilization ensures a high safety 
of the products29. Among the most commonly used sterilization methods are steam and pressure and 
sterilization by gamma radiation. High hydrostatic pressure processing is a quite recent but very promising 
sterilization method. Therefore, sterility tests were conducted in order to assess the efficiency of this 
method. The obtained results indicated that HHP could successfully eliminate all microorganisms from the 
developed materials. The applied pressure is so high that can inactivate the cellular processes of 
pathogenic microorganisms. 

 Finally, the antimicrobial activity of the used drugs was evaluated by measuring the optical density 
of an incubation solution which consisted of bacteria and the developed materials loaded with drug. Since 
several types of sterilization techniques were applied to each dressing, it was necessary to choose one 
method to study per dressing based on the drug release profiles and the properties of the raw material. The 
information gained from the optical densities showed that all the different drug- loaded dressings were able 
to inhibit the bacterial growth very effectively. For all the different conditions, AbsorKi® displayed very 
promising applications because it killed the vast majority of bacteria in the solution, although HemoKi and 
HidroKi® appeared to be very effective as well. This behavior is possibly related with the nature of the 
material combined with the antimicrobial effect of chitosan. More specifically, dry dressings do not favor the 
adherence of bacteria on their surface while hydrated dressings are more susceptible to this process. 
Nonetheless, it is not easy to make safe conclusions about this claim without conducting further tests 
associating the produced dressings with their natural bioburden and the wound bioburden.  
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5. Conclusions and Future work 

 

5.1 Conclusions 

The objective of this work was to develop efficient and safe chitosan based drug loaded wound 
dressings and evaluate the effect of the sterilization on the dressings. Two of the developed materials were 
based on formulations provided by BioceraMed (AbsorKi® and HidroKi®, respectively), while for the third 
(HemoKi) further modifications were done. Chitosan was the main component of all materials due to its 
biocompatibility and antimicrobial properties. In HemoKi it was used a natural cross-linker, genipin, which 
gave a blue color to the dressing. Two different antiseptic drugs were used (Polyhexamethylene biguanide-
PHMB and Chlorhexidine diacetate-CHX) for the drug loading of the three developed materials. The 
sterilizations methods used were: steam and pressure, high hydrostatic pressure and gamma radiation.  

 
Since steam and pressure and gamma radiation are well established sterilization methods, sterility 

tests were conducted only for HHP. The results indicated that this relatively recent method was able to 
ensure the sterility of all dressings. 

 
The properties of the developed materials, namely, swelling capacity, wettability, mechanical 

properties, and morphology were assessed before and after sterilization, while possible irritation (HET-CAM 
test) was determined only for the non-sterilized samples. The results show that all sterilization methods had 
an effect on both dry (AbsorKi® and HemoKi) and hydrated dressings (HidroKi®). The most significant 
observations are described below. 

The porous structure of dry dressings allows them to absorb a very high amount of fluid. Sterilization 
methods, especially HHP, improved the water uptake of AbsorKi®. In contrast, the swelling capacity of 
HemoKi decreased after sterilization suggesting that steam and pressure, HHP and γ-radiation induced 
further cross-linking of genipin. Concerning the hydrated dressing, HidroKi®, the sterilization method that 
most improved the capacity of water retention was steam and pressure. Regarding the wettability of 
HidroKi® (the only that was possible to measure), it was found that none of the sterilization methods leads 
to significant changes. The mechanical tests revealed that all dressings have low resistance and elasticity. 
However, sterilization of AbsorKi® and HemoKi by HPP led to a remarkable improvement in the tensile 
strength and elasticity. For HidroKi® a small improvement in the properties was observed after steam and 
pressure sterilization. All sterilization methods caused changes in the surface morphology of the materials. 
The most impressive modifications were caused by HHP which led to compression of the dry dressings 
visible not only microscopically but also macroscopically, resulting in samples of extremely reduced 
thickness. From the results of the HET-CAM test it can be concluded that none of the developed materials 
can induce irritancy of the skin. 

 
From the drug release experiments of both drugs carried out for the three materials, it is possible to 

conclude that, overall, the different sterilization methods increased the concentration of the released 
amount of drug. The only case where both steam and pressure and HHP sterilization decreased this 
concentration was when HidroKi® was loaded with PHMB. The results for the drug release from AbsorKi®, 
HemoKi and HidroKi® demonstrated a controlled release for the first 8 hours. More specifically, for the 
release of PHMB the following conclusions may be drawn: 

 For AbsorKi®, the most efficient sterilization method is steam and pressure. 

 For HemoKi, HHP sterilization seems to improve the amount of released drug.    
Regarding the drug release of CHX for all the dressings it can be concluded that:  

 The most efficient sterilization method for the three wound dressings is HHP which led to a 
controlled drug release, not just for the first 8 hours, but also until the 48 hours.  

 
 Based on these findings it is possible to conclude that it does not exist a single sterilization method 
which is the best for all drug loaded wound dressings, since different sterilization methods have different 
effects on each drug/material combination. 
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 The evaluation of the microbiological activity of the drug-loaded samples against microorganisms 
was based on turbidity tests. The chosen microorganisms were Staphylococcus aureus and Pseudomonas 
aeruginosa because these bacteria are commonly present in wounds. To perform the test, the samples 
were sterilized using the sterilization method that presented the best results both in terms of drug release 
profiles and in terms of physical properties of the materials. For almost all the dressings loaded with drugs, 
the chosen sterilization method was HHP. The only exception was the case of HidroKi® loaded with PHMB 
where steam and pressure sterilization was applied. All dressings were able to kill the majority of the 
microorganisms. Thus, one may conclude that all drug-loaded samples exhibit an adequate antimicrobial 
activity.  
  
 
 

5.2 Future work 

In order to have a broader view of the effect of the various sterilization methods in the drug loaded 

chitosan based wound dressings and improve the obtained results, more properties of the materials need 

to be investigated. Oxygen permeability is a crucial property for the efficient function of wound dressings. 

Therefore, measurements of the amount of oxygen that permeates the dressings need to be done. Also, 

the mechanical properties of drug loaded materials should be measured and compared to the results 

obtained with the unloaded ones, in order to understand if the drug molecules upon sterilization could affect 

the performance of the dressings. Moreover, to enhance the mechanical properties it would be interesting 

to incorporate into the chitosan dressings the synthetic polymer PVA, glycerol or a blend of the two. Since 

wound dressings are in contact with the proteins existing into the wound exudate, it would be helpful to test 

protein adsorption, and afterwards conduct degradation studies. An important protein to be studied would 

be lysozyme which is the most common protein that is responsible for the degradation of chitosan based 

wound dressings. 

It would be interesting to extend the drug release from wound dressings for more than 8 hours. A 

possible strategy would be the incorporation of Vitamin E into the wound dressings. Vitamin E has an 

amphiphilic structure consisting of a hydrophilic polar head and a lipophilic alkyl tail, which proved to be 

useful for the incorporation of drug molecules in hydrogels and for their prolonged release. 

Further microbiological tests could be performed in order to examine the antimicrobial activity of 

chitosan in the absence of drugs. This study could be done either by direct contact of the dressings with 

microorganisms or by turbidimetry. Additionally, the natural bioburden of the developed materials could be 

tested in order to understand if bacterial or fungal colonies can be formed in the materials. Finally, in vitro 

cytotoxicity tests are very important for wound dressings before culminating with in vivo studies. 
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Annex I. SEM images of wound dressings 

 

Figure 1: SEM image of AbsorKi® (A), HemoKi (B) and HidroKi® (C) without sterilization at magnification        

x1000. 

 

 

Figure 2: SEM image of AbsorKi® (A), HemoKi (B) and HidroKi® (C) after steam and pressure sterilization 

at magnification x1000. 

 

 

Figure 3: SEM image of AbsorKi® (A), HemoKi (B) and HidroKi® (C) after HHP sterilization at magnification 

x1000. 



66 
  

 

Figure 4: SEM image of AbsorKi® (A) and HemoKi (B) after sterilization by gamma radiation at 

magnification x1000. 

  



67 
  

ANNEX II. Tensile test curves of dry wound dressings 

 

Figure 1: Tensile stress curve of AbsorKi® with and without sterilization. 

 

 

Figure 2: Tensile stress curve of HemoKi with and without sterilization. 
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ANNEX III. Compression test curves of hydrated wound dressings 

 

 

Figure 1: Compression stress curve of HidroKi® with and without sterilization. 
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