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Abstract 

In this day and age, one of the main causes of discomfort in patients is chronic wounds, i.e. 

the prolonged inflammation that occurs during a healing process, which precludes skin 

regeneration and requires large expenditures of time and resources. Typical treatment for 

chronic wounds includes application of autografts, allografts collected from cadaver, and 

topical delivery of antioxidant, anti-inflammatory, and antibacterial agents. Chronic and 

non-healing wounds can lead to a range of adverse outcomes, including pathological 

inflammation, impaired angiogenesis, delayed re-epithelization, and the development of 

antibiotic-resistant biofilms. Additionally, the growing concern over antimicrobial 

resistance (AMR) has serious implications, where pathogens no longer respond to 

antimicrobial agents, rendering drugs ineffective and posing a significant risk for severe 

infections. Consequently, there is a critical need for the advancement of innovative 

treatment approaches. 

One of the emerging therapeutic options involves the use of medicated dressings that 

incorporate bioactive molecules, including natural compounds like essential oils, Manuka 

Honey, and chitosan. These materials exhibit antimicrobial and antibacterial properties by 

interacting with bacterial cells, resulting in membrane disruption and interference with the 

cell division process. Importantly, it is noteworthy that no documented cases of resistance 

have been reported thus far, underscoring the significant advantages of their use. 

. Therefore, the aim of this thesis was to develop antimicrobial certain for wound 

treatments. This work was carried out at Newcastle University (UK).  Specifically, 

membranes were manufactured using the electrospinning technique, by using a 

polycaprolaptone-based solution and then, after being treated by aminolysis, coated 

using the layer-by-layer method with natural polyelectrolytes, as Chitosan (as polyanion), 

Manuka Honey (as polycation) and, at last, the essential oils, in form of nanoemulsion. At 

the end, the membrane was subjected to a fatigue test to verify its degree of elasticity 

and strength. 

Subsequently, the membranes were subjected to a comprehensive set of morphological, 

physicochemical, and biological characterizations. To investigate the morphology of the 

electrospun fibers both before and after surface functionalization, Scanning Electron 

Microscopy (SEM) imaging was employed. Fourier Transform Infrared Spectroscopy with 

Attenuated Total Reflection (FTIR-ATR) was utilized to analyze the functional groups 

present on the surface of the samples. Furthermore, the elemental composition of the 

material's surface was quantitatively evaluated using the X-Ray Photoelectron 

Spectroscopy (XPS) technique. The effectiveness of the membranes against bacteria was 
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investigated on both gram positive and negative bacterial strains (Staphylococcus aureus 

and Pseudomonas aeruginosa);  

Moreover, the membranes were tested in presence of fibroblasts cells, to verify 

biocompatibility. The SEM results reveal the development of the layers and the progressive 

growth of the coating, resulting in a final thickness of approximately 160 nanometers for a 

coating comprising 14 layers. Moreover, FTIR-ATR and XPS analysis showed the distinction  

among different coating compositions, revealing the chemical groups and elements of the 

used polyelectrolytes respectively. Finally , tests were carried out on the developed cell 

cultures, in order to verify the efficacy of the developed membrane and its 

biocompatibility, such as live and dead, and presto blue, after undergoing treatment with 

Sudan Black, showing no cytotoxicity effects after seeing fibroblast cells up to 7 days of 

culture. 
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Chapter 1: Introduction 

1.1 Human Skin: Overview 

The skin represents the body's largest organ, encompassing the entire external surface. 

Together with its associated structures such as hair, nails, sweat glands, and sebaceous 

glands, it collectively forms the integumentary system. It comprises three primary layers: 

the epidermis, dermis, and the hypodermis, also known as the subcutaneous layer, as 

illustrated in Figure 1.1 [1]. 

 

The outermost layer of the skin is the epidermis, consisting of five layers, namely the 

stratum germinativum, spinosum, granulosum, lucidum, and corneum. Importantly, the 

epidermis lacks its blood supply and relies on nutrient diffusion for sustenance. The 

epidermal cells predominantly comprise keratinocytes, accounting for about 80% of the 

cell population. Additionally, there are dendritic cells, including melanocytes, Langerhans 

cells, and Merkel cells, responsible for pigmentation, immune response, and tactile 

sensitivity, respectively. Keratinocytes play a vital role in synthesizing keratin, a structural 

protein. They originate from the deepest layer, the stratum germinativum, and are 

continually pushed towards the surface of the epidermis in a process known as 

'keratinization.' This process involves distinct phases of synthesis and degradation, 

resulting in the transformation of these cells from living polygonal cells to flattened, 

squamous, and non-living cells [1] [2]. The interface between the epidermis and the dermis 

is marked by the presence of the dermal-epidermal junction. This junction serves the dual 

Figure 1.1 Representation of the Skin Layers: Epidermis, Dermis and Hypodermis. (Figure 5.2 of Anatomy and 
Physiology, OpenStax College) 
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purpose of anchoring the two layers together and facilitating nutrient exchange [3]. 

 

The dermis, situated as the intermediate layer of the skin, primarily comprises collagen 

(approximately 70%) [4], along with elastin and hyaluronic acid. It imparts elasticity and 

tensile strength to the skin [2]. This layer consists of two distinct parts: the papillary dermis, 

which lies immediately beneath the epidermis and is relatively thin, and the reticular 

dermis, which is thicker and positioned between the papillary dermis and the hypodermis 

[4]. While it is mostly acellular, certain cellular components, including fibroblasts, 

macrophages, adipocytes, and mast cells, can be found within the dermis. Furthermore, 

the dermis houses glands, nerve endings, hair follicles, blood vessels, and touch receptors 

[2]. 

Beneath the dermis lies the hypodermis, a thicker layer characterized by loose connective 

tissue and adipose (fat) tissue. This layer contains blood vessels, nerves, lymphatic vessels, 

and glands [1]. The hypodermis plays a crucial role in protecting against impacts, serving 

as an energy reservoir, and providing insulation against cold temperatures [2] [4]. 
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➢ Barrier Function:  

The skin serves as a protective barrier against mechanical, thermal, and chemical factors. It also 

acts as a shield against microbial intrusion, UV radiation, and the loss of bodily fluids. 

 

➢ Sensory Function:  

The skin is rich in receptors throughout the body, contributing to the somatosensory system. 

These receptors can be categorized into mechanoreceptors, responsible for sensing pressure, 

vibrations, and texture; thermoreceptors; proprioceptors, which determine the body's relative 

segment positions and its position in the surrounding environment; and pain receptors. 

 

➢ Temperature Regulation and Insulation:  

Skin plays a pivotal role in maintaining the body's temperature. Approximately 90% of heat loss 

in the human body occurs through the skin. This heat exchange depends on heat transfer from 

internal tissues to the skin through blood vessels and heat conduction from the skin to the 

environment, involving mechanisms such as evaporation, conduction, convection, and radiation. 

This process is regulated by blood vessels, hair, sweat glands, and adipose tissue. The skin helps 

maintain the body's core temperature at a constant 37°C. In response to increased temperature, 

the skin undergoes vasodilation and sweating, while decreased temperature prompts 

vasoconstriction and hair straightening to conserve heat. 

 

➢ Immunological Defense:  

The skin provides a crucial biological defense against microorganisms. The first line of defense, 

known as innate immunity, includes antimicrobial substances, phagocytic cells like neutrophils 

and macrophages, natural killer cells, cytokines, and the complement system [7]. Innate 

immunity recognizes and limits microbial infections and activates adaptive immune responses. 

Innate immunity is rapid, nonspecific, and lacks memory [8]. On the other hand, adaptive 

immune responses are triggered by specific antigen recognition and can be humoral (involving 

B-lymphocytes) or cell-mediated (involving T-lymphocytes). Adaptive immunity is highly specific 

and possesses memory. Both immune responses collaborate with various immune cells in the 

process (see Figure 1.2). 
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Figure 1.2 - Cells of epidermis and dermis that are responsible for innate and adaptive immune response [9]. 
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1.2 Wounds: pathophysiology and treatments 

 

1.2.1 The wound healing process 

A wound is characterized as an interruption in the normal structure and function of a tissue 

[10] [11]. The processes of wound closure can lead to either regeneration or repair: 

regeneration involves the replacement of specific part of damaged tissue, while repair 

involves the deposition of collagen leading to fibrosis and the formation of a scar [11]. “A 

completely healed wound is defined as one that has been returned to a normal anatomical 

structure, function and appearance of the tissue within a reasonable period of time” [10]. 

The process of wound healing is intricate, involving the collaboration of cells, growth 

factors, and cytokines [11]. This process encompasses four distinct step: hemostasis, 

inflammation, proliferation, and remodeling [10] [11] [12]. It's important to note that these 

phases are not strictly isolated; they can overlap and occur concurrently over time [11] [13] 

[12] (see Figure 1.3). 

 

Figure 1.3 - Phases of healing process, timeline and cells involved. [14]. 
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Hemostasis and Coagulation: After an injury, we have the constriction af the blood vessels, 

and subsequently, the formation of a fibrin network, initiating the process of coagulation 

[10][15]. This blood clot serves multiple functions, such as safeguarding the integrity of the 

vascular system, providing protection against external factors and microbes. [10] [15] [11] 

[12]. 

 

Inflammation: The inflammation phase can be divided into early and late stages [10]. During 

the early stage, neutrophils are recruited; their primary role is to phagocytize bacteria, 

eliminating them, and removing necrotic tissue [10] [11] [13]. Additionally, they attract 

other cells involved in the inflammatory response [11]. The late phase is characterized by 

the dominance of macrophages, which continue the phagocytic process, particularly 

targeting cellular debris [15] [11]. They also attract growth factors and other mediators, 

activating keratinocytes, fibroblasts, and endothelial cells to promote tissue regeneration 

[11]. Towards the end of the late phase, lymphocytes arrive at the site of injury, primarily 

acting against microbes and foreign materials [12]. 

 

Proliferation: The objectives of this phase encompass the establishment of granulation 

tissue to cover the wound, stimulating angiogenesis (the creation of new blood vessels from 

existing ones), and facilitating re-epithelization, as discussed in references [11] and [13]. 

Fibroblasts play a pivotal role during this phase, as they are responsible for generating vital 

components like fibronectin, hyaluronic acid, collagen, and proteoglycans, all of which are 

essential for the formation of the new extracellular matrix, as detailed in references [10], 

[11], and [12]. As a result, the provisional matrix is gradually replaced by granulation tissue 

[12]. In this tissue, the re-establishment of the vascular system occurs through angiogenesis, 

as discussed in reference [12]. The process of re-epithelization is directed by signaling 

pathways that involve keratinocytes and stem cells originating from sweat glands or hair 

follicles, as indicated in reference [11]. 

 

Remodeling: This step, involves the reorganization, degradation, and resynthesis of the 

extracellular matrix (ECM) [15], as well as the restructuring of collagen and wound 

contraction [12]. Finally, this phase culminates in the creation of new epithelial tissue and 

the formation of scar tissue [10]. The strength properties of the healed skin typically reach 

approximately 80% of the strength observed in intact skin, as highlighted in references [10] 

and [15]. 
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1.2.2 Chronic wounds: general features and socio-economic impact 

Chronic Wounds: Chronic wounds deviate from the typical healing process, often 

becoming arrested in one of the previously mentioned phases [12]. This leads to 

pathological inflammation [16], compromised angiogenesis, challenges in re-epithelization 

[14], and the development of drug-resistant biofilms [17]. A wound is typically categorized 

as 'chronic' if it fails to heal successfully within a three-month period [14]. Numerous 

factors can influence the wound healing process, including local factors such as infections, 

oxygen levels, foreign bodies, and venous insufficiency, as well as systemic factors like age, 

gender, stress, underlying diseases, obesity, alcoholism, smoking habits, nutrition, and 

immunodeficiency [13]. However, diabetes mellitus, vascular diseases, and pressure ulcers 

stand out as the primary clinical factors associated with chronic wounds [18] [19] (see 

Figure 1.4). 

 

Impact of Chronic Wounds: Chronic wounds can persist for several years, significantly 

affecting patients' quality of life. This includes experiencing pain, reduced mobility, 

emotional distress, and, in severe cases, disabilities or the necessity for amputation [20]. 
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Figure 1.4 - Factors involved in the failure of the healing process leading to the development of a chronic 
wound and pictures of different types of chronic wounds. Thet is A) Venous Leg Ulcer, B) Arterial Leg Ulcer, C) 

Diabetic Foot Ulcer, D) Pressure Ulcer. Images of the wounds from [21]. 
 

 
Prevalence of Chronic Wounds: It is estimated that approximately 1-2% of the population 

in developed countries will experience chronic wounds at some point in their lives [17] 

[22]. In recent years, the number of individuals afflicted by this condition has risen, 

primarily due to increased life expectancy and the presence of concurrent health issues 

[17]. Consequently, the treatment of chronic wounds poses a significant financial burden 

in terms of both time and resources [17].  

 

Wound treatment 

Chronic wounds are characterized by their complexity, and effectively managing them 

often necessitates the adoption of a multidisciplinary approach, as recommended in 

reference [24]. The first and pivotal step in delivering appropriate treatment is the 

comprehensive assessment of both the patient and the wound itself [24]. Following this 

evaluation, the process of wound bed preparation is initiated, guided by the TIME principle 

[24] [25] [26], which comprises the following steps: 

(T) ->Tissue Assessment: This involves the removal of necrotic tissue and foreign bodies, 

such as bacteria that can form biofilms. This step is essential for creating a more conducive 
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environment for healing. 

(I) ->Inflammation and Infection Management: This step entails the use of local antiseptics 

and/or systemic administration of antibiotics to address inflammation and infection within 

the wound.
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(M) Effective moisture control, ensuring that the exudates are balanced: research has 

shown that wounds maintained in a moist environment tend to heal faster in comparison 

to those left dry and exposed to the air. 

(E) Management of wound periphery and facilitation of epithelialization restoration. 

 

The solutions employed to treat wounds can be summarized in five categories: systemic 

therapies; local therapies (dressing-free); skin grafting; skin substitutes and dressing 

therapies [14]. 

 

➢ Systemic therapies: 

Antimicrobials in Wound Management: Antimicrobial agents are employed to combat 

microorganisms that affect wounds, including bacteria, fungi, viruses, and others [26]. 

These agents can take the form of antibiotics, antiseptics, or disinfectants. However, there 

are certain limitations associated with the systemic administration of drugs. In particular, 

when bacteria form biofilms, it becomes challenging for antibiotics to effectively target 

them [14]. Additionally, ensuring that antibiotics reach the intended target can be 

problematic, and they may come with side effects [14]. Moreover, the indiscriminate use 

of antibiotics can lead to the development of antibiotic-resistant strains of bacteria [26]. 

 

➢ Local therapies: 

They can be physical or pharmacological treatments. The most common physical 

treatments are indicated in table 1.1. 

 

Table 1.1 Most common local physical therapies for wound treatment. 

 

Therapy Description References 

Compression therapy External and gradual pressure applied by a bandage [14] 

Negative pressure wound 

therapy 

Sub-atmospheric pressure applied by a vacuum device to 

eliminate exudates 

[14] [26] 

Hyperbaric oxygen therapy Administration of 100% oxygen at above-atmospheric 

pressure (1.5 – 3 atm) to hypoxic tissues 

[26] [27] 

Low-power light

 therapy 

(photobiomodulation) 

Red/near infrared light wavelengths are used to penetrate 

into the tissues and to stimulate repair and healing 

[28] 
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Low-intensity pulsed ultrasound An acoustic wave is produced in order to travel through 

tissues and to perform positive effects on reducing 

inflammation, enhancing proliferation and formation of 

granulation tissue 

[28] 

Extracorporeal shock waves Mechanical energy pulses at high amplitude that are 

effective in increasing perfusion and oxygen amount 

[28] [26] 

Electrical stimulation Conducted using a pair of electrodes, one positioned within 

the wound bed and the other in close proximity to the 

wound's surrounding skin, it has been demonstrated that the 

most effective form of electrical stimulation for promoting 

wound healing is in the form of pulsed direct current (pulsed 

DC). 

[26] [27] 

Plasma It is a combination of gas containing negatively charged 

electrons and strongly charged positive ions. In this particular 

application, it is employed at a low temperature. Plasma is 

proficient in combating pathogens and has a positive impact 

on the activation of keratinocytes and fibroblasts. 

[28] [26] 
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Local therapies encompass pharmacological treatments as well. Effective wound healing 

isn't limited to antibiotics and antiseptics but also extends to natural compounds. Some 

examples include essential oils, Aloe Vera, Manuka honey, eucalyptus [14] [26], growth 

factors, stem cells [24] [14] [28], and graphene oxide [14]. (1.7) 

➢ Skin grafting: 

In this procedure, a segment of skin is relocated from its original location to the area 

requiring repair [29]. Autografts are taken from the same patient, allografts are sourced 

from another individual of the same species, and xenografts are derived from a different 

species, typically animals, as outlined in references [14] and [29]. There are two types of 

grafts that is used: one that include the epidermis and a portion of the dermis, called split-

thickness grafts, and full-thickness grafts, which encompass both the epidermis and the 

entire dermis [14] [29]. These grafts can also be categorized based on their donor source.  

➢ Skin substitutes: 

Skin substitutes serve the purpose of emulating natural skin without grafts from any 

donors. These substitutes can be made up of just the extracellular matrix or may 

incorporate cells, and they can be constructed from natural or synthetic materials. 

Additionally, they can be designed to be either temporary or permanent solutions. 

Several examples of skin substitutes include Biobrane®, Integra®, Alloderm® (which are 

acellular skin substitutes), as well as Transcyte®, Dermagraft®, and Apligraf® (cellular skin 

substitutes) [30]. 

 

➢ Dressing therapies: 

 

The use of wound dressings dates back to ancient times, with civilizations like the 

Mesopotamians, Egyptians, and Ancient Greeks employing techniques such as washing 

wounds with substances like wine, vinegar, or milk, followed by the application of honey, 

resin, or medicinal herbs. These treatments were then covered with materials like linen or 

boiled wool. The 19th century witnessed a significant advancement in wound management 

with the introduction of antiseptics. Subsequently, in the 20th century, the first modern 

dressings were developed [31] [32] [33]. 

 

Emergence of Smart Wound Dressings: Presently, there is ongoing research and 

development in the field of smart wound dressings. The following section will delve into 

dressing therapies in more detail. 
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Tissue Engineering in Wound Care:  

Skin substitutes and specific categories of dressings are essential components of tissue 

engineering techniques. "Tissue engineering (TE)" is a multidisciplinary field that combines 

principles from engineering and the life sciences to develop biological replacements 

capable of restoring, maintaining, or enhancing tissue function [34]. Figure 1.5 provides a 

visual representation of the fundamental elements employed in tissue engineering, which 

include scaffolds, cells, and bioactive factors. Scaffolds play a pivotal role in tissue repair 

and reconstruction by filling empty spaces, providing structural support, and facilitating 

the delivery of cells and bioactive molecules [35]. 

 

 

Figure 1.4 - Tissue engineering cardinal elements [36]
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1.3 Wound Dressings: state of the art and new approaches 

When we use substances to cover the wound site and contact directly with the wound 

itself, we are dealing with a wound dressings (WD) [33] [37]. Their primary purpose is to 

create an optimal environment conducive to successful healing. Although there is a wide 

range of dressing types, they share common goals, which encompass preventing wound 

infections, managing exudate and related odors, reducing patient discomfort and pain, 

accelerating the healing process, and concealing the wound for cosmetic reasons [37]. 

Figure 1.6 outlines the general requirements that dressings must meet. 

 

 

Various wound types may necessitate distinct dressings, each possessing unique functional 

attributes. There is no universal dressing suitable for all types of wounds [39]. Therefore, 

the selection of the most appropriate dressing is contingent upon the specific 

characteristics of the wound, which include depth, size, exudate volume, potential 

infection, location, and other pertinent factors [40].

Figure 1.5 -  Main requirements of an ideal wound dressing [38]. 
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1.3.1 Traditional dressings 

These dressings are often referred to as passive and non-occlusive dressings and 

encompass materials such as gauze, plasters, bandages, lint, and cotton wool [33]. Their 

primary role is to provide mechanical protection to the wound and act as a barrier against 

contaminants [40] [32]. They are most appropriate for clean and dry wounds with minimal 

exudate [40]. However, a notable drawback is their propensity to adhere to the wound 

bed, causing pain upon removal and necessitating frequent changes [40] [32]. 

Consequently, there has been a significant shift from traditional dressings to more modern 

alternatives with enhanced features that are better suited for various types of wounds [33] 

[40]. 

 

1.3.2 Modern dressings 

Modern dressings have been designed both to cover wounds, and to facilitate and enhance 

the healing process [32]. They can be categorized into four primary groups: hydrogels, 

hydrocolloids, films, and foams[32]. 

 

Hydrogels are formulated by cross-linking primarily natural-based polymers, resulting in a 

three-dimensional porous structure that facilitates cell migration and the deposition of the 

extracellular matrix (ECM), ultimately promoting re-epithelization [28]. They are 

characterized by their high-water content, which makes them particularly well-suited for 

rehydrating dry wounds and maintaining a moist environment [14]. Hydrogels can assist in 

autolytic debridement [42] and offer pain relief due to their cooling properties [14]. They 

are non-irritating, easy to apply and remove, and are cost-effective. However, it's worth 

noting that hydrogels are not suitable for highly exuding wounds and may not provide 

effective protection against pathogens [43]. 

 

Hydrocolloids are widely used dressings consisting of an inner gel-forming layer and an 

outer occlusive layer. They retain moisture, are easily removable [43], promote autolytic 

debridement [40], and offer better protection against bacteria compared to hydrogels. 

Nonetheless, their use with infected wounds is not recommended [38]. 

Semi-permeable films are thin polymer sheets that can conform to wound shapes with 

ease. They allow for gas exchange and serve as an impermeable barrier against bacteria 

and fluids [43]. Nevertheless, they are not suitable for highly exuding wounds due to their 

limited absorbent capacity [40] [43], and their removal can potentially be traumatic [43]. 

 

Foam dressings have a sponge-like structure with adjustable absorbent properties based 
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on pore size and thickness [42]. They are suitable for highly exuding wounds and maintain 

a moist environment at the wound bed interface. However, they are not suitable for dry 

or low-exuding wounds [43]. Additionally, there is a risk of tissue formation within the 

foam pores if not changed regularly, leading to painful removal [43]. 

 

Some commercial examples of these dressing are listed in table 1.2. 

 

Table 1.2 Categories of modern wound dressing and commercial examples. 

 

Dressing Example 

Hydrogels Nu-gel®, Clearsite®, Hypergel®, Carrasyn®, Aquaform® 

Hydrocolloids Duoderm®, NuDerm®, Comfeel®, Cutinova®, Tegasorb™ 

Films Bioclusive®, Tegaderm™, Opsite™, Hydrofilm® 

Foams Tegafoam™, Allevyn®, PermaFoam®, Lyofoam® 
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Multilayer dressings are created by combining previously treated dressings to incorporate 

their distinct characteristics [40] [42]. 

Dressings can also be medicated to enhance their effectiveness in the wound healing 

process [38] [40]. They can be both bioactive wound dressings and drug-loaded wound 

dressings [38]. Bioactive dressings can be prepared by incorporating bioactive 

macromolecules (such as chitosan, collagen, and alginate), which play a role in skin 

regeneration, as well as antimicrobial peptides (AMPs), natural antiseptics (e.g., Manuka 

honey), or synthetic antiseptics [38]. Drug-loaded dressings are designed to contain a 

cargo that is subsequently released in situ; they may include antibacterial agents, anti-

inflammatory and analgesic medications, and biological factors like Growth Factors [38]. 

 

1.3.3 Advanced & Smart dressings 

The necessity to address the constraints of conventional dressings has given rise to a novel 

category of dressings referred to as advanced or smart dressings. These dressings have the 

capability to engage with the wound environment in order to augment the response 

tailored to specific conditions. 

 

Stimuli-Responsive Dressings: Stimuli-responsive dressings can react to changes in the 

physical and chemical characteristics of the wound environment, either spontaneously or 

through external triggers [44]. Self-responding dressings can be activated by alterations in 

factors like pH, temperature, chemokines/cytokines levels, reactive oxygen species (ROS), 

and glucose within the wound bed [38]. Externally triggered dressings, on the other hand, 

rely on external stimuli, such as increased temperature or exposure to near-infrared (NIR) 

light [38]. 

 

Other Smart Dressings: Additionally, there are self-healing dressings, which are suitable 

for body parts subject to movement and are stretchable to accommodate such movement. 

Self-removal dressings have been developed to reduce pain during removal, often utilizing 

thermosensitive or light-triggered polymers [44]. 

 

Automated Dressings: Over the past six years, automated dressings have been introduced 

[44]. These dressings are equipped with sensors to monitor wound conditions, decision-

making algorithms, and actuators for drug delivery [38]. Table 1.3 provides examples of 

patented systems in this category. 
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Patent ID  Patented advanced wound dressing 

platforms Patent ID Description 

Classification 

CN109152860A  Wound dressing comprising an acid-hydrolyzing 

oligomer and an acid-activable prodrug which is 

activated in the presence of acid environment 

 

Self-

responding 

wound 

dressing  

 

CN108524999A  Long-term-healing wound dressing composed by 

different layers for the prolonged release of 

drugs: a quick releasing layer for the delivery of 

anti-bacterial agents and an acid-pH-controlled 

layer for long-term drug delivery  

 

Self-

responding 

wound 

dressing  

 

US2005159695A1  Wound dressing sensitive to enzymes (e.g., 

elastase and collagenase) for the controlled 

release of therapeutic agents in the infected 

wound area  

 

Self-

responding 

wound 

dressing  

 

US2006286155A1  

 

Drug-loaded wound dressing comprising 

oligopeptide sequences which are cleavable by 

kallikrein-reach wound fluids for the controlled 

release of therapeutic agents  

 

Self-

responding 

wound 

dressing  

 

GB2393656A  

 

 

Wound dressing sensitive to proteases associated 

with wound fluids for the controlled release of 

therapeutic agents  

 

Self-

responding 

wound 

dressing  

 

WO03026544A1  

 

Wound dressing able to release the payload in 

response to the absorption of fluids present in the 

wound bed  

 

Self-

responding 

wound 

dressing  
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CN110665120A  

 

Chitosan-based wound dressing equipped with 

flexible electronics for remote monitoring and 

drug release  

 

Externally 

triggered 

wound 

dressing  

 

WO2018211458A1  

 

Fiber-based wound dressing equipped with a 

sensor element configured to undergo changes in 

response to a parameter associated to wound 

fluids and a supply of therapeutic agents  

 

Automated 

wound 

dressing  

 

CN104114136A  

 

Automated wound dressing equipped with two 

field reservoirs, an electrokinetic pump and a 

controller for the delivery of the therapy in the 

wound area  

 

Automated 

wound 

dressing  

 

 

Table 1.3 Example of patents of advanced WDs [38]. 
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1.4 Electrospinning technique: Biomedical applications and Key 

Characteristics 

Two different techniques can be used in bioengineering for the fabrication of scaffolds: 

conventional non-conventional methods, referred to as rapid prototyping. Conventional 

methods encompass the following techniques: Freeze-Drying, Solvent Casting Particle 

Leaching, Gas Foaming, Electrospinning, and Phase separation. Conversely, rapid 

prototyping involves, 3D bioprinting, Selective Laser Sintering, Fused Deposition Modeling 

and Stereolithography[45] [46]. 

In this work, the electrospinning technique has been used to fabricate membranes for 

wound healing applications; in this section, the focus will be put on this technique. 

Electrospinning, in biomedical field, is a broadly employed technique. 

This technology enables the production of non-woven substrates composed of an 

uninterrupted network of ultrathin fibers, which range in size from tens of nanometers to 

a few micrometers. These substrates exhibit high porosity and possess a significantly large 

surface area, as discussed in references [47] and [48]. Additional benefits include the ability 

to tailor the porosity and shape of the substrates, as well as precise control over the 

composition of the nanofibers, as mentioned in reference [47]. 

 

1.4.1 Working Mechanism 

The fundamental configuration of an electrospinning device consists of a high-voltage 

power source, a syringe pump, an emitter (often in the form of a needle spinneret), and a 

conductive collector. This setup can be arranged either vertically or horizontally, as 

illustrated in Figure 1.7. 

 

Figure 1.6 - Electrospinning setup. a) Vertical and b) Horizontal configurations [47]. 
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In the course of the electrospinning process, the pump propels the polymeric solution 

through the needle-emitter, and at the needle's tip, a drop of the solution forms because 

of its surface tension [50] [51]. At this stage, a high voltage is applied, resulting in the 

electrification of the solution and the generation of surface charges [50]. These charges 

exhibit mutual repulsion, counteracting surface tension. Consequently, this causes the 

formation of Taylor cone, a drop in the shape of a cone. [50] [51] [52], directed toward the 

collector (counter electrode). If the droplets breaks and transform into a jet, it means that 

the applied voltage surpasses a critical threshold, overcoming surface tension. This 

mechanism is depicted in Figure 1.8. 

 

 

The aircraft initially adheres to a linear path as it is drawn towards the receptor. 

Nevertheless, it experiences disturbances that disturb its straightness, which are 

frequently denoted as irregularities [54] [50] [55]. These instabilities include Rayleigh 

instability, asymmetrical instability, and whipping/bending instability. Earnshaw's theorem 

provides an explanation for the occurrence of instability, stating that "An electrically 

charged body, when placed within an electric field, cannot maintain a stable equilibrium 

solely under the influence of electric forces" [55]. Our primary focus will be on the whipping 

or bending instability, which plays a pivotal role in the generation of submicron-scale fibers 

[56]. 

As the solvent-laden jet travels from the emitter to the collector, the solvent begins to 

evaporate, resulting in a reduction in the jet's diameter. This is closely associated with an 

elevation in the charge density on the jet's surface, leading to an increase in repulsive 

Figure1. 7 - 1) Droplet formation; 2) Electrification of the solution with formation of superficial charges; 3) 
Taylor cone; 4) Ejection of the jet of liquid [53]. 
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forces and causing the jet to accelerate towards the collector. 

The high velocity of the jet leads to the formation of bends, loops, and spirals, with the jet 

progressively elongating and thinning in diameter. Since each segment of the loop carries 

an identical electrical charge, repulsion forces drive this process to occur repeatedly, 

forming a conical pattern [54] [50]. 

Throughout this process, the solvent undergoes evaporation, and the fibers are 

subsequently deposited onto the collector, solidifying in the process [51] [54] [55]. This 

mechanism is visually represented in Figure 1.9. 

 

Figure1. 8 - a) Distinction between three zones of the jet: Taylor cone, linearity region and instability zone; b) 
Zoom of the instability zone, with a focus on bending and loops [57]. 

 

1.4.2 Parameters affecting the electrospinning process 

Several parameters significantly impact the electrospinning process, and these can be 

categorized into solution parameters, process parameters, and environmental parameters, 

as highlighted in references [47] and [48]. These factors crucially affect the fibres 

morphology so we have to control and modify in order, to obtain the desired frames and  

fibre diameters [47] [54]. 

 

➢ Solution Parameters: 

Concentration, Viscosity and Molecular Weight of the polymer are correlated to each 

other. Inadequately low values for these parameters prevent the formation of continuous 

fibers and instead result in the presence of droplets, a phenomenon known as 

electrospraying, and the appearance of beaded fibers, as illustrated in Figure 1.9 [47]. This 

occurs due to insufficient molecular chain entanglement, which is not robust enough to 

overcome surface tension, leading to the breaking of the jet [54].Moreover, excessively 
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high viscosities and concentrations will result in the production of thicker fibers, often 

taking a ribbon-like form [58]. This can potentially lead to challenges in ejecting the jet 

from the spinneret, causing interruptions in the process [47]. To achieve smooth fibers, it 

is essential to operate within the appropriate range of these parameters [59] (see Figure 

1.10). 

 

 

Interfacial tension and conductivity, represent supplementary solution factors that exert 

substantial influence on the electrospinning procedure's consequences. Reduced 

interfacial tension eases electrospinning at a reduced electrical potential and guards 

against bead formation, while an escalation in interfacial tension leads to the generation 

of droplets and instability in jet formation [47]. A higher value of conductivity is 

associated with fiber diameter reduction, whereas excessively low conductivity does not 

provide enough electrical force to elongate the jet, leading to the formation of beads 

[47]. 

Moreover, the selection of the solvent assumes a crucial role in these aspects. Opting for 

the right solvent or a combination of solvents necessitates considering its capacity to 

dissolve the polymer at the intended concentration and its effects on electrical 

conductance, consistency, and interfacial tension [54]. 

 

➢ Process Parameters: 

The voltage that we applied, stands as a critical variable; it must surpass a certain threshold 

to initiate the process and lead to the formation of the Taylor cone [47] [61]. This threshold 

is primarily contingent upon the properties of the solution being used [54]. As the voltage 

increases, it leads to an alteration in the initial jet's shape, which subsequently affects the 

shape of the fibers [50] (see Figure 1.11). An elevation in voltage intensifies the whipping 

Figure1. 9 - Effect of viscosity on fibres geometry: for low values of this parameter, defected fibres are 
created [60]. 
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instabilities, resulting in a reduction in fiber diameter due to jet elongation. Conversely, 

excessively high voltage values can give rise to the formation of beaded nanofibers and 

potential jet fragmentation into multiple jets [60] [54]. 

 

 

 

 

The flow rate of the solution dispensed from the needle is crucial to ensure prompt 

replacement of the spun material, maintaining the continuity of the Taylor cone. However, 

it should not be excessively high to allow for complete solvent evaporation during the 

process [61] [47]. Failure to achieve this can result in the production of thicker fibers with 

beads and wrinkles [54]. 

The distance between the tip of the needle and the collector is another parameter of 

consideration. This element impacts the duration of deposition, the speed of solvent 

evaporation, and the attributes of jet instabilities, ultimately giving rise to variations in 

fiber composition and diameter [50] [47]. An intermediate spacing is often the most 

favorable; when the needle and collector are either too close or too distant, the formation 

of beads has been observed [47]. 

The electrospun base material can assume either a flat or cylindrical configuration, with 

fibers being either haphazardly dispersed or aligned, contingent upon the type of collector 

utilized. 

Common collector designs are depicted in Figure 1.12 

Figure 1. 10 - Changes in the shape of the Initializing Jet as the applied voltage increases [62]. 
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Figure 1.12 Most common collectors and the corresponding fibres [63]. 
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➢ Environmental Parameters: 

Environmental conditions, particularly temperature and moisture levels, constitute crucial 

considerations. Humidity influences the rate of solvent evaporation, with increased 

humidity causing a retardation in solvent evaporation, affording more time for fibers to 

elongate and attain a reduced diameter. Nonetheless, exceedingly elevated humidity 

levels (>60%) can lead to fibers cohering and failing to deposit as distinct entities 

[54].When temperature increase fibers became thinner, and this is due to enhanced 

electrical conductivity and reduced viscosity, because they have an inverse relationship 

[58] [59] [54]. Conversely, higher temperatures accelerate solvent evaporation, resulting 

in a faster fiber deposition process and reduced elongation [54]. 

 

 

1.4.3 Materials for the electrospinning: Polycaprolactone 

Biomaterials utilized in this field, must adhere to several essential criteria. Firstly, they 

should be biodegradable, biocompatible and bioresorbable to minimize inflammation and 

prevent the foreign body reaction. Additionally, the degradation products should be 

metabolized at a controlled rate to keep them within tolerable levels [64]. Finally, these 

biomaterials must establish a conducive milieu for the effective development of fresh 

tissue and provide sturdy mechanical reinforcement during the regeneration stage [64]. 

 

Numerous polymers have been effectively processed using the electrospinning technique 

[65], encompassing natural, synthetic, or blended polymers. Among the most commonly 

utilized ones are poly-(ɛ-caprolactone) (PCL),  poly-(lactic-co-glycolic acid) (PLGA), poly-

(lactic acid) (PLA),  poly-(ɛ-caprolactone) (PCL), poly-(glycolic acid) (PGA), polyvinyl alcohol 

(PVA), poly-(ethylene oxide) (PEO), poly-(ethylene glycol) (PEG), alginate, chitosan, elastin, 

collagen and gelatin [66]. 

In this thesis work, PCL was employed to create the electrospun membranes. 

Polycaprolactone is a synthetic semi-crystalline polyester polymer, synthesized through 

the ring-opening polymerization of ɛ-caprolactone [67]. It finds wide application in 

biomedical contexts. The chemical structure of PCL is depicted in Figure 1.13. 
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Figure 1.13 Chemical structure of PCL [68]. 

 

 

This is a biodegradable polymer, and the degradation process can vary in duration, ranging 

from months to years. The rate of degradation depends on factors such as the degree of 

crystallinity, molecular weight, and environmental conditions. The primary mode of 

degradation is hydrolytic, but it can also occur through the action of microorganisms [67]. 

Additional noteworthy properties of PCL include its hydrophobic nature and a low melting 

temperature that makes it highly processable, as discussed in reference [69]. Furthermore, 

PCL exhibits a rubbery state at body temperature, which contributes to its excellent 

mechanical properties, encompassing toughness, strength, and elasticity, as detailed in 

references [70] and [71]. 

1.4.4 Electrospinning applied to biomedical applications 

Electrospinning has a broad spectrum of applications within the field of bioengineering, 

with the most common being drug delivery, tissue engineering, and enzyme immobilization 

[60]. 

In tissue engineering, electrospinning is a versatile technique for producing scaffolds 

applicable to various regenerative purposes such as bone, cardiovascular, nerve, and skin 

regeneration [72]. Notably, electrospun membranes designed for wound healing 

applications offer numerous advantages. 

Nanofibrous meshes, owing to their non-woven structure, random alignment, and 

nanoscale diameter, are highly effective in replicating the structure and function of the 

extracellular matrix (ECM). The ECM represents the acellular component of tissues that 

envelops and provides support to cells, guiding their growth and migration. It also plays a 

pivotal role in repair mechanisms [73]. 

The high surface area facilitates an ideal environment for cell attachment, growth, and 

differentiation [61]. Additionally, it permits the inclusion of biomolecules or therapeutic 

agents [61]. Furthermore, the high porosity, along with well-distributed and appropriately 

sized pores, grants the membrane excellent absorption capacity and enables gas exchange 

while preventing the ingress of bacteria and contaminants [61]. These characteristics are 

shown in figure 1.14. 
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Figure 1.14 Properties of electrospun membranes for application in wound dressings [61]. 

 

PCL-electrospun membranes necessitate an additional step of surface functionalization (to 

attain the necessary biocompatibility and antibacterial properties required for wound 

healing applications) thet plays a pivotal role in the field of biomedicine as it allows for the 

alteration of the physicochemical, morphological, and biological properties, as well as the 

chemical composition of substrates to achieve the desired characteristics for a specific 

application [72] [73]. These modifications can entail improved biocompatibility, diminished 

immunological reactions, and the capacity for localized drug administration, among 

various attributes [74]. Standard techniques utilized for surface enhancement encompass 

covalent grafting, streptavidin/biotin adhesion, and non-covalent bonding approaches, 

such as the layer-by-layer process.
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1.5 Layer by layer assembly as a coating technique 

The layer-by-layer (LbL) technique is a coating method utilized for the functionalization of 

substrates. It relies on the electrostatic interaction between layers with opposite charges, 

a process also known as electrostatic self-assembly (ESA) [74]. Layer-by-Layer (LbL) 

technology enables the creation of nanometer-scale coatings with customized 

characteristics and is adaptable to a variety of substrate materials, such as membranes and 

fibers, among others. It offers the capability to incorporate a diverse array of compounds 

[75], encompassing both small and large molecules, along with organic and inorganic 

materials [76], such as polymers, proteins, lipids, nucleic acids, nanoparticles, metal oxides, 

and more [77] [78] (as depicted in Figure 1.15). 

The most important advantages of the Layer by Layer technique are: 

 

• The ability to precisely control the properties of the coating [79] 

• the characteristics of the substrate remain unaffected by the thickness of the coating 

[78];" 

• the mild conditions of the process, which allow to maintain intact the properties of 

the biomolecules incorporated [76]; 

• the low cost and environmental-friendly process [79]. 

 

Figure 1.15 Schematic representation of the assembled coating onto the substrate. 

Different types of substrates and coating materials are also shown [78]. 
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The procedure involves depositing a charged material onto a substrate that has been pre-

modified to have a surface charge. Subsequently, after a washing step, a compound with an 

opposite charge is deposited on top of the initial layer. This results in the formation of the 

initial bilayer with a nanometric thickness. The process can be iterated in cycles to build a 

multilayer coating of the desired thickness [78]. It's possible to incorporate more than two 

components in the layers; the primary guideline is to ensure an appropriate alternation of 

positive and negative charges [80]. While electrostatic interactions are the primary driving 

force in the LbL technique, other types of interactions may also participate in the process, 

such as hydrogen bonds, van der Waals forces, covalent bonds, host-guest interactions, 

and biospecific interactions [81] [75] [82]. 

 

Various assembly strategies have been employed for the LbL technique, including 

immersive, spin, spray, electromagnetic, and fluidic methods (see Figure 1.16). 

 

 

The most utilized method is the immersive (dip) assembly technique. This approach 

involves the manual dipping of the flat substrate into both cationic and anionic solutions 

of the desired materials, with intermittent washing steps (using water or a buffer solution) 

to eliminate excess material and prevent cross-contamination of the solutions, as 

described in references [78], [81], and [83]. Now, let's consider a hypothetical scenario 

where the substrate carries a negative charge. When it is immersed in a cationic solution, 

polycationic molecules are introduced through a diffusion mechanism in the solution, and 

when they come in close proximity, they are attracted by the electric field generated by 

the surface. This process completely covers the surface with a new layer of molecules, 

reversing the surface's polarity to become positive. At this point, the sample can be used 

to attract negatively charged molecules [74]. The immersive assembly technique can also 

be utilized for covering particulate substrates. However, in this scenario, centrifugation 

steps must be incorporated after each phase to gather the sediment [78]. This approach is 

favored when a uniform coating is essential, especially for attaining thin layers, in contrast 

to other non-LbL methods. The primary constraints pertain to the deposition time, which 

relies on the diffusion kinetics within the solution, and the manual character of the 

procedure [78]. However, some automated devices have emerged recently, such as the 

one developed at Newcastle University for automated dipping and spray deposition. 

The immersive technique leads to an interpenetrated layer structure, while the subsequent 

techniques generate a stratified structure with more distinct layers [78]. 
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The spin assembly involves applying the coating onto a rotating substrate. Films that are 

more uniform, smooth, and thinner can be achieved with the assistance of other forces 

within the process, such as centrifugal force, viscous forces, air shear force, and more [78] 

[81]. Nevertheless, this technique has a significant limitation, as it can only be used to coat 

flat substrates [78]. 

 

The spray assembly method involves a two-step process: first, nebulizing the solutions, and 

then spraying them onto the substrate, as outlined in references [81] and [78]. It is a very 

fast process;. One drawback of this method is the potential for creating a non-uniform 

coating, which can be attributed to the influence of gravity draining. This issue can be 

partially mitigated by employing rotating systems, where a higher quantity of coating is 

deposited onto the surface, resulting in increased uniformity, as discussed in reference 

[78]. 

 

Electromagnetic assembly, also known as electrodeposition, capitalizes on the application 

of electric or magnetic fields to create layers [78]. The basic setup involves two electrodes 

submerged in a solution. An electric field is employed between these electrodes to 

facilitate the deposition of the first layer. Subsequently, a rinsing phase is executed, 

followed by the immersion of the electrodes in a solution with an opposing charge, and a 

voltage is applied with an inverted polarity [78]. An alternative setup entails the insertion 

of a substrate between the two electrodes [78]. The thickness of the deposited layer hinges 

on the voltage administered; nonetheless, it is recommended not to escalate it excessively, 

as this can lead to repulsion from the preceding layer [78]. This approach necessitates 

specialized apparatus and adept operators, and it is neither more economical nor swifter 

when juxtaposed with other assembly techniques [81]. 

Fluidic assembly utilizes fluidic channels to generate the layers. This method permits the 

coating of either the channels themselves or a substrate positioned within them. The driving 

forces employed are pressure and vacuum, which are used to transport the solutions and 

carry out washing processes through the channels. The setup and equipment can be 

intricate, but the advantages include the ability to produce multilayer coatings on surfaces 

that are challenging to access with other techniques, along with the provision of new 
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methods for region-specific patterning [78]. 

 

 

Figure 1.16 Schematic representation of the LbL assembly techniques: A) immersive, B) spin, C) spray, D) 

electromagnetic and E) fluidic [81]. 
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1.5.1 Layer by Layer for biomedical applications  

Layer by Layer functionalization has found applications in various sectors, spanning energy, 

optics, catalysis, and biomedicine [78]. This section will specifically address its biomedical 

applications, encompassing areas such as implanted devices, tissue engineering, and drug 

delivery. 

➢ Implanted Devices 

Surface modification of implanted devices using LbL assembly is a potent approach to 

enhance their biocompatibility. The surface charge and hydrophobicity of the material play 

a critical role in regulating the adhesion of proteins and cells [85]. By customizing and 

modifying these properties, the desired outcomes can be achieved. For instance, one can 

enhance cell adhesion in the case of bone implants or deter it in cardiovascular stents. 

Additionally, therapeutics can be incorporated to prevent infections or enable the in-situ 

release of drugs. 

 

Cardiovascular implants often lead to surface-induced thrombosis and in-stent 

restenosis, which can result in implant failure. To address these issues, one approach is to 

graft biomolecules onto the implant surface using the LbL technique [79]. For instance, 

Stainless Steel, a commonly used material for stent production but with low 

hemocompatibility, can be functionalized with layers of hyaluronic acid (HA) and heparin 

(HEP) loaded with Sirolimus (a drug). This approach allows for the development of a drug-

eluting stent with anticoagulant properties [86] (see Figure 1.17 A). 

 

 

 

Figure 1.17 Example of LbL coatings with application in Cardiovascular Implants [86]. 
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➢ Tissue Engineering 

 

To enhance bone regeneration using grafts, implantable materials engineered to stimulate 

bone healing and growth are commonly known as bone grafts. The Layer-by-Layer (LbL) 

technology can be employed to enhance the bioactive attributes of these materials [79], 

thereby amplifying the processes associated with osteogenesis, osteoinduction, and 

osteoconduction. As an illustration, consider a scenario in which a polycaprolactone/β-

tricalcium phosphate (PCL/β-TCP) scaffold is introduced in rats to induce ectopic bone 

formation. In this instance, these scaffolds were coated with BMP-2 and VEGF, with the 

aim of fostering both bone formation and concurrent blood vessel development. Another 

variation of this study involved the incorporation of hydroxyapatite (HAP) and BMP-2 [90]. 

 

Wound Healing Dressings is the argoument threated in this thesis work. 

 

➢ Drug Delivery 

Drug delivery has ushered in a revolution in the treatment of various health conditions 

[82]. This innovation is primarily attributed to its ability to reduce therapeutic doses, 

achieve controlled release, target specific tissues, and surmount cellular barriers [79]. 

 

Various arrangements are viable: in the core-shell structure, Layer-by-Layer assembly can 

envelop a solid drug core (refer to figure 1.18) [91], or it can be assembled atop a 

nanoparticle, which is subsequently eliminated to form an empty core for drug insertion 

[79]. Alternatively, the cargo (therapeutic agents) can be incorporated into the layers 

through covalent attachments, adsorption, or in combination with a secondary carrier 

incorporated within the film [82].  

Figure 1.18 Example of nanoparticle for drug delivery: drug solid core surrounded by the LbL coating [91]. 

 

Additionally, the cargo can be encapsulated either during or after the assembly process 

[82]. These layers not only encapsulate the cargo but also serve to provide stability, protect 

the drug from degradation, regulate its release, and aid in targeting [91]. 
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1.6 Nanoemulsions 

Nanoemulsions refer to emulsions with droplets in the sub-micron range, characterized by 

a mean droplet diameter of less than 500 nanometers [93]. In nanoemulsions, two 

immiscible liquids are blended and unified into a single phase, with the assistance of an 

emulsifying agent possessing amphiphilic properties, commonly known as a surfactant. This 

process is elaborated in references [93] and [94]. These coatings can be classified as 'oil in 

water' (O/W), 'water in oil' (W/O), or bi-continuous (W/O/W) compositions [93] [95] (refer 

to Figure 1.19). The selection of the formulation primarily hinges on the quantities of the 

components, with the one present in a larger volume serving as the outer continuous phase, 

while the other assumes the role of the inner dispersed phase [93]. 

 

Figure 1.19 Schematic representation of oil-in-water and water-in-oil nanoemulsions [93]. 

 

Manufacturing techniques for nanoemulsions can be broadly classified into two primary 

categories: low-energy emulsification and high-energy emulsification [45] [93] [96]. Low-

energy techniques encompass the phase-inversion method and spontaneous 

emulsification, while high-energy methods involve ultrasonication, high-pressure 

homogenization, and microfluidization [45] [93] [96]. Irrespective of the method 

employed, the primary objective is to produce droplets of the desired size with a 

monomodal distribution, ensuring uniformity in the properties of the nanoemulsion [93]. 

Best advantages of nanoemulsions, are [95] [96] [94]: 

 

1. Enhanced bioavailability of therapeutic agents. 

2. Increased surface area due to their small size, resulting in improved absorption. 

3. Lower required doses, which can lead to reduced side effects. 

4. Improved uptake in cell culture technology, facilitating toxicity studies on the 

nanoemulsions. 
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1.7 Antibacterial properties of natural compounds 

Antimicrobial resistance (AMR) has become an increasingly challenging issue, prompting 

renewed interest in natural products known for their antibacterial and antimicrobial 

properties. In this study, chitosan, Manuka honey, and essential oils were investigated and 

utilized. 

1.7.1 Chitosan 

Chitin is a polysaccharide that is abundantly distributed in nature and can be extracted 

from the exoskeletons of insects and crustaceans, as indicated in reference [97].Chitosan 

is derived from chitin through a deacetylation reaction using sodium hydroxide (NaOH) 

(see Figure 1.20). This process enhances the antibacterial properties of the material and its 

solubility in acidic environments [97]. 

 

Figure 1.20 Structure of Chitin and Chitosan [97]. 

 

Chitosan is renowned for its antimicrobial properties, effectively targeting both gram-

positive and gram-negative bacteria, as well as yeast and fungi [98] [97]. The effectiveness 

of these properties is subject to several influential factors, with the most critical ones 

including the degree of deacetylation (DD), pH levels, molecular weight, chitosan 

concentration, and the specific type of microorganism [97] [99]. The operating principle of 

antibacterial activity is illustrated in Figure 1.21. The positively charged chitosan, resulting 

from the protonation of amino groups and forming NH+, interacts with the negatively 

charged bacterial cell wall. This interaction compromises the integrity of the cell 

membrane, ultimately resulting in the leakage of intracellular substances. Furthermore, 

should the chitosan chains successfully penetrate the cell, they have the potential to 

interact with DNA, leading to a disruption of DNA expression and replication, ultimately 

culminating in cell death [97] [99] [100]. 
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Figure 1.21 Mechanism of action of Chitosan on bacteria cells [100]. 

 

Chitosan has a wide array of applications spanning various fields, including 

pharmaceuticals, food packaging, industry, textiles, chemicals, and, notably, the 

biomedical sector, as highlighted in reference [101]. Within the biomedical domain, 

chitosan is employed not only for its antibacterial properties but also for its 

biocompatibility, excellent biodegradability, non-toxic nature, and favorable physical and 

chemical characteristics, as discussed in reference [97].
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1.7.2 Manuka Honey 

Manuka honey (MH) is  sourced from the manuka tree found in New Zealand and Australia 

[102] [103]. It is renowned for its antimicrobial, antifungal, antioxidant, and anticancer 

properties [104] [102]. Common compounds found in honey include vitamins, sugars, , 

enzymes, minerals, aminoacids, flavonoids, antioxidants and phenolic acids [104]. In non-

Manuka honey varieties, the primary antimicrobial effect is attributed to hydrogen 

peroxide (H2O2). This effect is reinforced by factors such as high osmotic pressure, low pH 

levels, and the presence of immune-modulatory molecules like bee defensin-1, flavonoids, 

and phenolic complexes [102] [104] [105]. In contrast, Manuka Honey exhibits additional 

antibacterial properties, often referred to as 'non-peroxidase activity' (NPA). These 

properties persist even after the neutralization of hydrogen peroxide by catalase. The key 

contributor to these additional antibacterial properties is the compound methylglyoxal 

(MGO) (see Figure 1.22). This extra antibacterial activity is also denoted as the 'Unique 

Manuka Factor' (UMF) [104] [105]. 

 

Figure 1.22 Chemical structure of methylglyoxal (MGO) [103]. 

 

Methylglyoxal (MGO) is produced through the non-enzymatic dehydration of 

dihydroxyacetone (DHA) [106], and its concentration in honey is associated with its 

antibacterial performance [102]. 

The antibacterial mechanisms of action of Manuka honey have been studied on both 

Gram-Positive bacterium Staphylococcus Aureus and Gram-Negative bacterium 

Pseudomonas aeruginosa. In the case of S. aureus, Manuka honey targets the later stages 

of cell division by inhibiting the activity of peptidoglycan (murein) hydrolase, which is 

responsible for the degradation of the septum between the two newly formed cells. This 

leads to impaired division and subsequent cell death [104] [107]. 

The mechanism is shown in figure 1.23. 
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Figure 1.23 Mechanism of action of Manuka Honey against Staphylococcus aureus [104]. 

 

Manuka honey has demonstrated effectiveness against both Gram-Positive and Gram-

Negative bacteria, including antibiotic-resistant strains and biofilms. Furthermore, no 

resistance to Manuka honey has been documented thus far [104] [109].
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1.7.3 Essential Oils 

Essential oils (EOs) are highly volatile natural compounds extracted from aromatic plants 

using various methods, including steam/hydro distillation, solvent extraction, or cold 

pressing, as detailed in references [110], [111], and [112]. Essential oils (EOs) find extensive 

application in various sectors, including pharmaceuticals, antiviral treatments, food 

preservation, and cosmetics. Their antibacterial, antidiabetic, and antioxidant properties 

make them particularly appealing for biomedical applications. EOs consist of a multitude 

of constituents with low molecular weight, including phenols, alcohols, oxides, aldehydes, 

ethers, esters, amines, ketones, amides, and predominantly phenylpropenes, terpenes, 

and terpenoids [111] [112] [113] [114]. 

Terpenes, which are hydrocarbons resulting from the bonding of multiple isoprene (C5H8) 

units in a head-to-tail fashion, can exhibit either linear or cyclic aromatic structures [114] 

[115]. The most prevalent terpenes include monoterpenes (C10H16) and sesquiterpenes 

(C15H24), exemplified by substances such as limonene, p-cymene, and terpinene. 

Terpenoids, on the other hand, are terpenes subject to alterations involving the 

introduction of oxygen molecules or the repositioning or elimination of methyl groups. 

Instances of terpenoids encompass thymol, linalool, and geraniol [112] [113] [114]. 

Phenylpropenes, characterized by a six-carbon aromatic phenol group and a three-carbon 

propene tail, are typified by eugenol, cinnamaldehyde, safrole, and vanillin [112] [114].  

Figure 1.25 Compounds contained into Essential Oils possessing biological properties – Terpenes, Terpenoids 

and phenylpropenes [112]. 
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These chemical compounds possess significant biological properties, with some of their 

effects being elucidated in Figure 1.25.. 

The antimicrobial activity of essential oils (EOs) is contingent upon their specific 

composition. Given the diverse array of constituents present in EOs, it is believed that 

EOs lack a singular cellular target, instead relying on multiple mechanisms that affect 

either the bacterial membrane or the cytoplasm, as discussed in references [111] and 

[114]. 

Due to their lipophilic nature, EOs have a propensity to bind to the bacterial cell 

membrane, resulting in several cytotoxic consequences. These include the disruption of 

the cell wall, which leads to the leakage of cellular contents, alterations in membrane 

transport, and impairments in energy production and control, as detailed in references 

[111], [113], and [114]. Additionally, events like cytoplasm coagulation and interference 

with quorum sensing activities occur, as highlighted in references [111], [113], and [114]. 

Collectively, these processes culminate in cell lysis and bacterial death, involving 

mechanisms such as apoptosis and necrosis, as depicted schematically in Figure 1.26. 

 

 

 

Figure 1.26 Effect of Essential Oils on bacteria cells [114]. 
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The Food and Drug Administration (FDA) has classified the primary components found in 

essential oils as 'Generally Regarded as Safe' (GRAS) when used at low concentrations, 

signifying their safety for human health. However, it is essential to note that these 

components can exhibit toxic effects on eukaryotic cells when employed at high 

concentrations, potentially reaching lethal doses. Therefore, further research and 

investigation are required to comprehensively understand the toxicity profile of essential 

oils, as mentioned in reference [116]. 
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Figure 1.27 Main objectives of the thesis. 

 

In this thesis work, Tea Tree essential oil (TTO) and Eucalypus essential oil (EO) have been 

employed. 

 

 

 

 

 

 

 

 

 

 

 

-Staphilococcus aureus 
- Klebsiella pneumoniae 
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1.1 Aim of the work 

The focus of this project revolves around creating antibacterial coatings through the layer-

by-layer technique. The primary goal of this endeavor is to develop and produce 

membranes for wound healing applications that incorporate natural compounds, such as 

chitosan, manuka honey, and essential oils (tea tree oil and eucalyptus oil), with 

antibacterial properties. These membranes will be tested for their impact on fibroblast 

cells and various bacterial strains. The key objectives (OBJs) of the project are outlined in 

Figure 1.27 and include: 

 

OBJ1. Nanoemulsions assembly: 

Nanoemulsions of essential oils have been obtained through sonication and through a 

specifical machine it was be investigated their ζ-potential. 

OBJ2. Membranes production: 

Through Electrospinning method, it was a random structure PCL, setting the machine on 

specific values, so as to optimize the process and obtain nanometric, homogeneous and 

defect-free fibres. 

OBJ3. Layer-by-Layer Coating: 

Througt  LbL functionalization, it was obtained membranes with a 14-layers coating. This 

process involved both dipping and spraying methods and incorporated natural compounds 

within the layers. The growth of these layers, was confirmed using various techniques, 

including SEM and FTIR-ATM analysis (conducted at Newcastle University) and XPS 

analysis. 

OBJ4. Biological evaluation: 

Cellular tests were conducted using Neo-Fibroblast cells to assess cell vitability and 

metabolic activity when in direct contact with the membranes. Various assays like 

PrestoBlue®, Live/Dead was employed for these evaluations. Additionaly, bacterial tests 

were performed on strains of Klabsiella Pneumonia and  Staphylococcus aureus to assess 

the antibacterial activity of the membranes. 
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Chapter 2: Materials and Methods 

2.1 Materials 

Tea Tree Oil (TTO) and Eucalyptus Oil (EEO), Tween80 (Sigma Aldrich) and distilled water 

were used for the nanoemulsions. Polycaprolactone (Medium Mw 80kDa, Sigma 

Aldrich), Acetic Acid Glacial (Sigma Aldrich), Formic Acid ≥95% (Sigma Aldrich) were used 

for the electrospinning, while the hexamethylenediamine 98% (Sigma Aldrich) and distilled 

water were used for the aminolysis solution. Manuka Honey (MG 550+, Manuka Health), 

Chitosan (Mw 50 kDa, Sigma Aldrich), Sodium Acetate (Sigma Aldrich), Acetic Acid Glacial 

(Sigma Aldrich) were used for the polyelectrolyte solutions for the Layer-by-Layer 

assembly. 

In the experimental procedures, Neo-Fibroblasts were cultivated using Dulbecco's 

Modified Eagle Medium (supplied by Gibco, a division of Thermo Fisher), supplemented 

with Fetal Bovine Serum, L-glutamine, and Penicillin-Streptomycin. In addition, various 

reagents and kits were employed for cell culture and testing purposes, including the 

Live/Dead® Cell Double Staining Kit (provided by Sigma Aldrich), Sudan Black (also from 

Sigma Aldrich), PrestoBlue® (from Invitrogen, a division of Thermo Fisher Scientific), DAPI 

(4′,6-diamidino-2-phenylindole ActinRed™ obtained from Sigma Aldrich).The cells were 

preserved in a phosphate-buffered saline (PBS) solution (provided by Sigma Aldrich), and 

fixation was accomplished using a 4% Paraformaldehyde solution (manufactured by 

Thermo Fisher Scientific). 

For the bacterial cultivation and testing procedures, Staphylococcus aureus NCTC 6571 

and Klebsiella Pneumonia strains were employed, along with PBS, Lugol's Iodine, 

Safranin, Nutrient broth, BHYE broth, Nutrient Broth Powder (supplied by Sigma Aldrich), 

Tryptic Soy Broth Powder (also provided by Sigma Aldrich), and Agar powder (likewise 

sourced from Sigma Aldrich). 

 

2.2 Manufacturing Methods 

 

2.2.1 Preparation of nanoemulsions 

The oil-in-water emulsions were created following the procedure outlined in the study by  

In the study conducted by Zhang and colleagues [117], the essential oils (TTO and EO) were 

mixed at specific weight ratios (expressed as a percentage by weight) with the surfactant 

Tween80, with a corresponding ratio of 66.7% Tween80 to Essential Oil. This mixture was 
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then added to distilled water to achieve the desired final volume. The solutions were 

stirred at 600 rpm for a duration of 12 minutes using an IKA magnetic hotplate. 

Subsequently, they underwent a homogenization phase using an IKA® T25 digital ULTRA-

TURRAX® homogenizer for 10 minutes. Lastly, the solutions were sonicated in an ultrasonic 

bath operating at 140W and 50kHz (Labsonic, FALC Instruments). The entire procedure is 

illustrated in Figure 2.1. 

 

Figure 2.1 Sequential procedure for the formulation of nanoemulsions involves: blending water, oil, and 

surfactant; agitating the mixture; subjecting it to homogenization; and applying sonication. 

 

Manufacture of electrospun membranes 

The membranes were fabricated using the electrospinning technique (Section 1.4). Initially, 

PCL pellets were dissolved in a mixture of acetic acid and formic acid (in a 1:1 volume ratio), 

and the solution was stirred overnight at 300 rpm on an IKA magnetic hotplate. The 

resulting PCL solution was processed using an electrospinning apparatus (Spinbox, 

Bioinicia, Spain) to produce porous membranes composed of nanoscale fibers. 

 

To optimize the process, a series of trials were conducted. Various processing parameters 

were explored to achieve the thinnest possible fibers (measuring in the range of a few 

hundred nanometers) without defects like beads or ribbons. Fiber quality was assessed via 

scanning electron microscopy (SEM), with detailed characterization methods described 

later. Fiber diameter measurements were performed using ImageJ software. 

 

The parameters subjected to testing included polymer concentration (15%, 17.5%, and 

20%), needle-to-collector distance (10 cm, 12 cm, and 14 cm), flow rate (400 µl/h, 600 µl/h, 

and 800 µl/h), and voltage (14 kV, 16 kV, and 20 kV). 

2.2.2 Aminolysis of the membranes 

The membranes underwent aminolysis as a preparatory step for the subsequent layer-by-

layer functionalization process. This step was essential to introduce a positive surface 
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charge through NH2 groups. The aminolysis procedure was carried out following the 

method described by Mancuso et al. [118]. A solution of ED (0.06 g/ml) in distilled water 

was prepared and then applied to the membranes for 10 minutes. The membranes were 

subsequently thoroughly rinsed with distilled water. 

 

 

2.2.3 Coating of the membranes – Layer by Layer technique 

The layer-by-layer (LbL) functionalization of the membranes was performed using an 

automatic device developed at Newcastle University (WO 2021079106A1), which 

combined both the Dipping and Spray modalities. The process involved alternating the 

immersion of the membranes in polyelectrolyte solutions with subsequent washing steps. 

Here's a step-by-step description of the LbL process: 

 

Preparation of Polyelectrolyte Solutions: 

Manuka Honey (MH) solution: MH was dissolved in a sodium acetate buffer at a 

concentration  of 20% w/v. 

Chitosan solution: Chitosan was dissolved in a sodium acetate buffer at a concentration of 

1% w/v. 

Initial Dipping Process: The membranes were initially dipped into the MH solution for 10 

minutes. MH served as the polyanion and interacted with the positively charged surface 

of the membranes created during aminolysis.  

After the dipping step, the membranes were washed with the sodium acetate buffer for 5 

minutes. 

Alternating Dipping Process: The next step involved dipping the membranes into the 

chitosan solution for 10 minutes. Chitosan served as the polycation. 

 

Following this, the membranes were washed again with the sodium acetate buffer for 5 

minutes. 

Steps 2 and 3 were repeated six times to create a total of 12 layers on the membranes. 

Spray Modality for Additional Layers: After the initial 12 layers were deposited, an 

additional four layers were added using the spray modality. 

The nano-emulsions of essential oils (EOs) were prepared according to optimized 

parameters and adjusted to pH 5. 

The EO-MH solution, with a negative charge, was used as the polyanion in this step. 
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Chitosan remained the polycation. 

The polyelectrolytes (EO-MH and chitosan) were sprayed onto the membranes for 18 

seconds. 

Subsequently, a washing solution was sprayed onto the membranes for 6 seconds. 

This layering process, combining dipping and spraying modalities and incorporating EO 

nanoemulsions, is schematically illustrated in figure 2.2.  

 

 

 

 

 

Figure 2.2 Dipping and Spray modality in layer by layer 

 

 

Upon completion of the process, the membranes were coated with 14 layers, resulting in 

a coating of nanometric scale thickness. Following the coating, the membranes were 

allowed to air-dry overnight and were subsequently stored at a temperature of 4°C 

before further use.
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2.3 Characterization methods 

 

2.3.1 Nanoemulsions 

 

2.3.1.1 Dynamic Light Scattering and Zeta-Potential  

 

 

Figure 2.3 DLS Litesizer 500 device. 

 

Particle size and zeta-potential analyses were carried out using the Anton Paar Litesizer 

500 instrument (please see Figure 2.3 for reference). The measurements were executed in 

1 mL cuvettes for particle size evaluation and omega cuvettes for zeta-potential 

assessment. The specified parameters encompassed a 120-second equilibration duration, 

15 runs conducted at room temperature (25°C), and a scattering angle of 173°. To 

guarantee precision and uniformity, each measurement was repeated three 

times.Transmission Electron Microscopy (TEM)  

The morphology of the nanoemulsions was examined using transmission electron 

microscopy (TEM). Here's a description of the TEM sample preparation and imaging 

parameters: 

 

Sample Preparation: 

A small drop of the nanoemulsion solutions was placed onto a copper grid. 

Excess liquid was carefully removed using a filter paper to leave a thin film of the sample 

on the grid. 

 

TEM Instrumentation: 

The prepared samples were observed using a Philips CM 100 Compustage FEI transmission 



56 

  

r 

electron microscope. 

The microscope was operated at a high voltage (HV) of 100.0 kV. 

 

Imaging: 

Digital images of the samples were captured using an AMT CCD camera (Deben) attached 

to the TEM. 

The camera allowed for a range of magnifications, with the capability to achieve 

magnifications of up to 130,000x. 

This TEM analysis allowed for the visualization and examination of the nanoemulsion's 

morphology at high magnification, providing insights into the structure and characteristics 

of the emulsions.
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2.3.2 Membranes 

 

2.3.2.1 Scansion Electron Microscopy (SEM)  

The Scanning Electron Microscope (SEM) was utilized in two main aspects of your study: 

1.Optimization of Electrospinning Process: 

SEM was employed to optimize the electrospinning process by evaluating parameters 

such as fiber diameters and the presence of structural defects.  

The analysis was conducted using a Scanning Electron Microscope, specifically the Jeol 

JSM-5600LV model (refer to figure 2.4). 

2.Coating Presence and Thickness Assessment: 

SEM was also employed to determine the presence and thickness of coatings on the 

membranes. 

Sample preparation involved cutting the membranes into square pieces measuring 5x5 

mm². 

These samples were then affixed to carbon conductive tabs and secured on pin stabs. 

Before SEM analysis, the samples underwent a gold sputter coating process using the 

Sputter Coater from BIO-RAD Microscience Division. 

SEM analysis was performed using an electron beam voltage of 20kV, a working distance 

of 20mm, a spot size of 24 n° units, and various magnification levels. 

The acquired SEM images were subsequently analyzed using ImageJ software. 
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In summary, SEM analysis played a crucial role in optimizing the electrospinning process 

and assessing the presence, as well as the thickness, of coatings on the membranes. This 

provided valuable data on fiber diameters, structural defects, and the quality of the 

applied coatings. 

Figure 2.4 SEM machine 

2.3.2.2 Methylglyoxal (MG) Assay Test 

Since we are interested in knowing how much methylglyoxal is released from our 

membranes when it is immersed in a physiologic-like solution, we went about doing this 

from an absorbance test, the methylglyoxal assay kit (ab241006) that enables the 

detection of MG, using a set of engineered enzymes and a  cromophore, the final product 

of the assay, that can produces a stable signal, which can be easily quantified at 450 nm, 

using a  microplate reader and its signal is directly proportional to the amount of MG in 

samples. 

The assay is simple, specific, reproducible, and can detect as low as 0.5 nmol/well of MG in a 100 μL 

reaction. 

 

Material supplied, and Storage and stability: 

Is stored the kit at -20°C in the dark, and aliquot components in working volumes before 

storing at the recommended temperature. 

Briefly centrifugate small vials prior to opening. 
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Item Quantity Storage 

condition 

MG Assay Buffer 25 mL 4ºC or -20°C 

Substrate Mix A 1 vial -20°C 1 vial -20°C 

Substrate Mix B 1 vial -20°C 1 vial -20°C 

Enzyme Mix A 22 μL -20°C 22 μL -20°C 

Enzyme Mix B 120 μL -20°C 120 μL -20°C 

Enzyme Mix C 1vial -20°C 1 vial -20°C 

 

Material required but not supplied: 

• Microplate reader capable of absorbance measurement 

• 96-well clear plate with flat bottom 

• Distilled or deionized water 

• Syringe filter: poor size 0.22μm 

 

Reagent Preparation: 

 

Before using the kit, spin tubes and bring down all components to the bottom of tubes. 

Prepare only as much reagent as is needed on the day of the experiment. 

 

MG Assay Buffer: 

Store at either 4 ºC or -20 ºC. Bring to room temperature before use. 

Substrate Mix A: 

Reconstitute in 65 μL dH2O, store at -20 °C. Use within two months. 

Substrate Mix B: 

Reconstitute with 220 μL of MG Assay Buffer and mix thoroughly. Store at -20 °C. 

Enzyme Mix A: 

Ready for use, store at -20 °C, use on ice. 

Enzyme Mix B: 

Ready for use, store at -20 °C, use on ice. 

Enzyme Mix C: 

Dissolve in 220 μL MG Assay Buffer. Pipette up and down to 

completely dissolve. 

 

 



60 

  

r 

Sample Preparation: 

For liquid samples (Manuka Honey): 

Manuka Honey (weight: ~200-500 mg) in a centrifuge tube, dilute samples 1:10 (v/v) in 

dH2O, mix well. 

• Centrifuge samples at 10,000 x g at room temperature for 10 min. Collect the 

supernatant and filter through 0.22 μM filter. 

• Dilute supernatant samples (1:2 to 1:10), if necessary, using dH2O. 

• Sample(s): Add 2-20 μL of (diluted) samples onto desired well(s) in a clear 96-well plate. 

• Sample Background Control: Prepare duplicate sample well(s). Adjust the volume of 

Sample(s) and Sample Background Controls to 20 μL/well with dH2O. 

 

Assay Procedure 

• Prepare a 10-fold Dilution of Substrate Mix A (i.e. Dilute 2 μL of Substrate Mix A stock 

solution with 18 μL MG Assay Buffer), mix well and keep on ice. 

• Prepare a 10-fold Dilution of Enzyme Mix A (i.e. Dilute 2 μL of Enzyme Mix A stock 

solution with 18 μL MG Assay Buffer), mix well and keep on ice. 

• Mix enough reagents for the number of assays to be performed. For each well, 

prepare a total 80 μL Mix containing the following components. Mix well before use: 

 

 Reaction Mix Background Mix 

MG Assay Buffer 67 μL 69 μL 

Diluted Substrate Mix A 6 μL 6 μL 

Diluted Enzyme Mix A 2 μL  

Enzyme Mix B 1 μL 1 μL 

Enzyme Mix C 2 μL 2 μL 

Substrate 

Mix B 

2 

μL 

2 

μL 

 

• Add 80 μL of the Reaction Mix to each well containing the MG Standard(s), Sample(s); 

Add 80 μL of Background Mix to well(s) containing Sample Background Control. 

• Measurement: Measure absorbance at 450 nm in end-point mode. 
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Sample preparation : 

Six different types of samples were tested, for each of which three squares of membrane, 

measuring 1cm x 1cm, were cut out and put it into an Eppendorf, with 500 µL of PBS not 

sterile. 

 

Figure 2.5 - 1 x 1 membrane insert in an Eppendorf with with 500 µL of PBS not sterile 

 

All samples were placed in an incubator at 37°C. 

Once the various time points have been chosen, an amount of PBS, in which the 

membrane will have released MGO, equal to 20 µL, will be taken for each of them and 

placed in a 96-well plate and then, will be refilled with non-sterile PBS, of the same 

amount taken and placed to rest in the incubator. 

The chose timepoint are: 60 min, 2h, 8h, 24h and 7 days, while the chosen different type 

of membranes are: 

8L MH, 10L MH, 8L MH + 4L TT, 10L MH + 4L TT, 8L MH + 4L EU, 10L MH + 4L EU. 

 

2.3.2.2 Fourier Transformed Infrared Spectroscopy with attenuated total reflectance 

(FTIR-ATR)  

To examine the surface functional groups of the samples and identify variations resulting 

from the presence of essential oils, FTIR-ATR analysis was performed. The measurements 

were carried out using a Spectrum Two PE instrument, which was equipped with a 

horizontal attenuated total reflectance (ATR) diamond crystal, manufactured by 

PerkinElmer Inc. (USA). Data acquisition was conducted in Absorbance mode, spanning 

wavenumber values from 4000 cm⁻¹ to 550 cm⁻¹. 
2.3.2.3 X-Ray photoelectron spectroscopy (XPS)  

X-ray photoelectron spectroscopy (XPS) is a quantitative analytical technique that enables 

the measurement of the elemental composition on the surface of a material and facilitates 

the determination of binding states between specific elements, such as carbon (C), 

nitrogen (N), and oxygen (O). The examination of the samples was conducted using a 

scanning microprobe Kratos Axis Ultra-DLD XPS spectrometer, which was located at the 
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EPSRC Harwell XPS Service in Cardiff, UK. This spectrometer was equipped with a 

monochromatized AlKα X-ray radiation source, ensuring precise analysis. The base 

pressure within the analysis chamber was maintained at 10⁻⁹ mbar. 

The analysis was performed in High Power mode with an X-ray take-off angle of 45°, 

covering a scanned area of approximately 1400 × 200 μm. For each specimen, survey scans 

were carried out in Fixed Analyser Transmission mode, covering a binding energy (BE) 

range from 0 to 1200 eV, with a pass energy of 117.4 eV. Furthermore, high-resolution 

spectra were acquired for the C1s element in FAT mode with a pass energy of 29.35 eV. 

To ascertain the atomic concentration (At.%) from the survey scans, the integrated 

CasaXPS software package was employed. Following this, to pinpoint the Binding Energy 

(BE) associated with the chemical bonding states of the elements present in the films, the 

XPS spectra derived from the films were subjected to peak deconvolution using the 

identical software. 

 

2.4 Biological evaluation 

 

2.4.1 Cellular Tests 

Cell tests were conducted to evaluate the biocompatibility of the coated membranes. In 

passage 8 in Dulbecco's Modified Eagle Medium, were cultured up Neo-fibroblast with the 

addition of 1% v/v L-glutamine, 10% v/v Fetal Bovine Serum (FBS), and a 1% v/v mixture of 

Penicillin-Streptomycin.  

All cell culture and tests, were conducted under sterile conditions, with cells maintained at 

37°C in a controlled atmosphere with saturated humidity and 5% CO2.. 

 

The samples were prepared by securely affixing the membranes to the cell crown inserts, 

which were then placed within a 48-well plate. In preparation for the staining assays, the 

membranes were treated in advance with a Sudan Black solution. This treatment was 

employed to prevent autofluorescence caused by the presence of Manuka Honey and 

essential oils (EOs) (see section 3.3.3). Specifically, a solution of Sudan Black at 0.3% w/v 

was prepared using 70% ethanol and applied to the membranes. Subsequently, the 

membranes were rinsed with phosphate-buffered saline (PBS). To ensure sterility, the 

plates were subjected to 30 minutes of UV light sterilization. 

Cells were then seeded into the wells at a density of 50,000 cells per well and cultured for 

the specified time points. These samples were compared to a control group, which 

consisted of cells seeded onto Tissue Culture Plates without the treated membranes. 
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2.4.1.1 PrestoBlue® Assay    

The PrestoBlue assay was employed to evaluate cell viability and proliferation. This assay 

relies on a color change triggered by the metabolic activity of cells, ultimately rendering 

the solution fluorescent. The assessments were conducted at the 24-hour, 72-hour, and 7-

day time points. To prepare the PrestoBlue (PB) solution, filtered PB was combined with 

DMEM media at a ratio of 1:10 (v/v) and thoroughly vortexed. 

The procedure involved removing the media from the wells, followed by a sterile PBS wash. 

Subsequently, the PB solution was added to the wells. For calibration purposes, a control 

containing only the PB solution was included to serve as a blank reference for the 

measurement instrument. The multi-well plates were then incubated at 37°C for 2 hours, 

covered with foil, ensuring uniform conditions. Triplicate measurements were taken for 

each sample and at each designated time point. The results were analyzed using the 

FLUOstar Omega MicroPlate Reader from BMG Labtech, with fluorescence measured at 

560 nm excitation and 590 nm emission wavelengths. 

After the measurements, the PB solution was completely aspirated from the wells, 

followed by two washes with PBS. Fresh media was then added, and the cell culture was 

continued until the subsequent time point. 

 

 

2.4.1.2 Live / Dead Assay   

The Live/Dead® Assays were conducted at the 7-day time point to differentiate between 

viable and non-viable cells simultaneously. This assay involves staining viable cells in blue 

and dead cells in green. The staining solution was prepared following the manufacturer's 

instructions. 

In summary, a solution was prepared by adding 10µL of calcein-AM (acetoxymethyl) 

solution and 5µL of propidium iodide solution into 5mL of PBS, followed by thorough 

vortexing. The resulting solution was then applied to the wells in a thin layer. The wells 

were subsequently incubated for 30 minutes, after which the results were examined using 

a fluorescence microscope (EVOS M5000, Thermo Fisher). 

 

Bacterial Tests 

The bacteria used in this study were Klebsiella pneumoniae (Gram-).and Staphylococcus 

Aureus (Gram+).  

To begin, extract a colony from the specific bacteria and place it into a sterile tube 

containing 10 mL of Mueller-Hinton Broth (MHB). Afterward, incubate the tube at a 
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temperature of 37 degrees Celsius for a duration of 24 hours. 

 

2.4.1.3 Bacterial suspension preparation 

Begin by transferring 1 ml of the activated culture into a sterile 1.5 ml tube. Next, subject 

the tube to centrifugation at 5G for a duration of 5 minutes. Carefully remove the 

supernatant, and then resuspend the remaining material in 1 ml of Mueller-Hinton Broth 

(MHB). 

Following this, it's time to prepare the serial dilution. Afterward, take 100µl from each 

dilution (10-5, 10-6, 10-7) and evenly spread it onto Brain Heart Infusion Agar (BHIA) plates, 

ensuring you have two duplicate plates for each dilution. 

Now, place the plates in an incubator set at a temperature of 37 degrees Celsius and allow 

them to incubate for 24 hours. After the incubation period, proceed to enumerate the 

surviving colonies on each plate. 

 

2.4.1.4 Bacteria inoculation and enumeration  

Start by taking 10 µl of the suspended bacterial solution and inoculate it onto the surface. 

Allow the surface to air dry in a sterile environment. Next, carefully transfer the dried 

surface into a 15 ml tube, and then add 5 ml of Modified Rappaport-Vassiliadis (MRD) broth 

to the tube. 

Subsequently, place the tubes in an ultrasound bath for a duration of 7.5 minutes to ensure 

thorough mixing. 

From the 15 ml tube, create serial dilutions using a 1:9 ratio, which means mixing 1 part of 

the bacterial spension with 9 parts of MRD broth. Following this, plate 100 µl from each of 

the dilutions and then, place the plates in an incubator set at a temperature of 37 degrees 

Celsius, and let them incubate for a period of 24 hours. 

Finally, after the incubation period, proceed to enumerate the surviving colonies on each 

plate. 
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Chapter 3: Results and Discussion 

 

3.1 Nanoemulsions 

In the figure 3.1 we can observe a macro-image of the essential oil emulsions. Because of 

the presence of Tween80, a supernatant, they appear like turbid milky solutions, that has an aspect like 

that reported  

by Moradi & Barati [119]. 

 

Figure 3.1 Macroscopic view of the nanoemulsions. 

 

3.1.2 Morphological Characterization - Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) analysis was conducted to provide a 

morphological characterization of the nanoemulsions containing essential oils, specifically 

focusing on their shape and size. Figure 3.2 displays the findings derived from the tea tree 

essential oil (EO) nanoemulsions. The particles exhibited a spherical morphology, with a 

noticeable variation in size. The average diameter of these particles was quantified using 

ImageJ software, ranging from 43 nm to 176 nm. Additionally, some agglomerates can be 

observed in the images. 

 

For what concerns Eucalyptus EO, the images obtained are shown in figure 3.3. The 

medium diameter ranged from 77 nm to 153 nm, however, few particles were visible. 
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Figure 3.2 TEM images of Tea Tree Oil NE.                                      Figure 3.3 TEM images of Eucalyptus Oil NE 

 

The challenge of achieving sufficient visibility of nanoemulsions in TEM analysis arises from 

the lack of adequate contrast between the particles and the background, as mentioned in 

reference [125]. To address this issue, it is advisable to employ staining techniques to 

enhance the visibility of the emulsions. Negative staining is a commonly used approach, 

which involves applying a staining agent to the samples after they have been placed on a 

copper grid. This staining agent typically targets and stains the background rather than the 

particles themselves. An example of such a negative stain is phosphotungstic acid, as 

illustrated in reference [119]. 

A 

F E 

D C 

B 
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3.2 Morphological Characterization – Scansion Electron 
Microscopy (SEM) 

 
3.2.1 Electrospunned membrane 
 

SEM imaging was performed on the samples prepared during the optimization phase 

(2.2.2). Many of these membranes exhibited filature defects such as beads and ribbons, 

suggesting that the combination of parameters used was not suitable. The best example 

demonstrating the optimal combination of these various parameters is depicted in Figure 

3.4. 

 

Figure 3.4 SEM images of defective electrospun membranes. The parameters used in terms of PCL 

concentration, distance needle- collector, voltage and flow-rate were: 12% w/v - 14 cm - 600 µl/h – 14kV 

 

The optimal parameters selected from the optimization trial are listed in Table 3.4. These 

choices were made based on the absence of defects and the achievement of the thinnest 

nanofiber diameter. 
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Table 3.4 Electrospinning parameters chosen after optimization . 

 

PARAMETERS VALUE 

PCL concentration 12% 

Flow-rate 600 µl/h 

Voltage 14 kV 

Distance needle- collector 1a4 cm 

 

The membranes produced under these specified parameters exhibited an absence of any 

imperfections (see Figure 3.5). The fibers displayed nanoscale dimensions, with an average 

diameter of 207 ± 73.6 nanometers, as determined using ImageJ software. Moreover, 

these fibers exhibited a uniform distribution across the membrane.  

 

 

Figure 3.5 Different magnifications of the nanofibers obtained with the optimized parameters. A) X2500 

magnification; B) X13000 magnification; C) X25000 magnification. 

 

A picture of the electrospun membrane at the macroscopic scale is shown in figure 3.6. 
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Figure 3.6 Macroscopic view of the electrospun membrane. 

 

3.3 Layer-by-layer coating 

 

The overall appearance of the coated membrane can be observed in Figure 3.7. A 

noticeable distinction is the yellowish hue of the coated membrane, which contrasts with 

the brilliant white color of the uncoated membrane. This variation in color is attributed to 

the incorporation of Manuka honey. 

 

Figure 3.7 Coated membrane  compared to the non-coated one 
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3.3.1 Morphological Characterization - Scansion Electron Microscopy (SEM) 
Scanning Electron Microscopy (SEM) analysis was conducted on the coated membranes to 

assess the presence of the coating and to examine its growth as the number of layers 

comprising the coating increased. This analysis is illustrated in Figure 3.8. 

 

Figure 3.8 SEM imaging of Layer-by-Layer coatings at various magnifications: A), B), C) 8-layer coating; D), E), 

F) 14-layer coating without essential oils; G), H), I) 14-layer coating with tea tree essential oil integrated into 

Manuka honey; J), K), L) 14-layer coating with Eucalyptus essential oil integrated into Manuka honey. 

 

 

The diameters of the fibers on the coated membranes were evaluated with ImageJ 

Software, and the average diameter was determined for each specific condition. In the 

case of an eight-layer coating, the average diameter was found to be 287.7 nm, while for 

the fourteen-layer assembly, it measured 348 nm. This is in contrast to the 209 nm 

diameter recorded for the uncoated membrane, as detailed in section 3.2.1.These findings 

enable the establishment of a linear relationship between the number of layers and the 

thickness of the coated fibers. Consequently, by applying straightforward mathematical 

calculations, the thickness of a single bilayer can be estimated at approximately 20 nm. 

These thickness values under various conditions are visually depicted in Figure 3.9. 



71 

  

r 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Thickness of the membranes in three different conditions 

 

Furthermore, the SEM images indicate that the presence of the coating does not exercitize 

any discernible impact on the morphological characteristics of the membranes. It is evident 

that both the porosity and the nanostructure of the membranes remain intact and 

unaltered.
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3.3.2 Physicochemical Characterization 
 

3.3.2.1 Fourier Transformed Infrared Spectroscopy with attenuated total reflectance 

(FTIR-ATR)  

FTIR-ATR analysis was performed to investigate the surface's functional groups on the 

samples before and after the Layer-by-Layer assembly. The tested materials included 

aminolyzed PCL, an eight-layer coating, a fourteen-layer coating without essential oils, a 

fourteen-layer coating with essential oils (EO), and a fourteen-layer coating containing tea 

tree oil (TTO). The spectral data for these experiments is presented in Figure 3.9. 

 

The spectrum of the uncoated membrane displayed typical wavelength bands indicative of 

pure PCL. An intense peak at 1727 cm-1 corresponds to the carbonyl stretching (C=O) 

within the polymer. Additionally, the peaks at 2866 cm-1 and 2945 cm-1 are characteristic 

of symmetric and asymmetric stretching of CH2 bonds, respectively [128] [129]. 

Furthermore, the presence of PCL-related peaks is evident, with a peak at 1240 cm-1 

representing asymmetric C-O-C stretching and another at 1170 cm-1 indicating symmetric 

O-C-O stretching [128]. 

In the uncoated sample, a minor peak at 3460 cm-1 (highlighted in the figure) can be 

attributed to the N-H stretching of amines [130]. Furthermore, a peak at 1246 cm-1 

corresponds to the stretching of the C-N bond of amines [131]. These observations are 

consistent with the aminolysis of the membrane using hexamethylenediamine to expose 

NH2 groups as an initial step for the layer-by-layer process. 

In the spectrum of the sample with eight layers, new peaks emerge in the 1700 - 1500 cm-

1 range. Specifically, peaks at 1690 cm-1 (indicative of C=O stretching) and 1641 cm-1 

(associated with OH deformation) suggest the presence of Manuka honey [132]. 

Additionally, in the same region, there is a peak at approximately 1570 cm-1, which is 

linked to N-H bending vibrations, indicating the presence of chitosan [133]. These 

observations are consistent with the sample coated with 14 layers, excluding the 

incorporation of essential oils, as it replicates the peaks observed in the eight-layer coating. 

The sample related to the 14 layers coating incorporating EO showed interesting 

differences. The ‘fingerprint’ of EO is contained in the range   1800 – 600 cm-1 [The 

combination of ATR-FTIR and chemometrics for rapid analysis of essential oil from 

Myrtaceae plants – A review]. Nevertheless, in this case, its identification is more 

challenging due to a significant overlap with the peaks of other compounds.This 

phenomenon was observed at approximately 1570 cm-1, corresponding to the C=C 
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bonding in aromatic molecules [134], which overlaps with the N-H group of chitosan, as 

mentioned earlier. Another distinctive peak in essential oils (EO) is located at 1150 cm-1 

(corresponding to C-O-C) [135]; however, in this case, it shifted due to overlapping with 

the peak at 1170 cm-1 of PCL. The observed spectral changes can be attributed to various 

molecular interactions and functional groups within the samples: 

1. The increase in the peak at approximately 1055 cm⁻¹ can be attributed to the presence 

of C-O stretching in alcohols [131]. 

2. A new peak at 1646 cm⁻¹ is noteworthy, indicative of C=C stretching within the benzene 

ring [135]. 

3. The broad peak spanning the range 3600–3000 cm⁻¹, centered at 3300 cm⁻¹, is 

associated with OH groups present in phenols within the oil [136]. 

4. The peak at 748 cm⁻¹ is a distinctive feature of the =CH vibration absorption of benzene 

rings [134]. 

5. Notably, the sample containing TTO exhibited a peak centered at 3450 cm⁻¹, linked to 

the presence of -OH groups. This peak is similar to the one observed in the previous 

sample but appears smoother [137]. 

6. Zooming in on the graph reveals the presence of a 'flat region' in comparison to other 

samples, which typically exhibit distinct peaks. This flat region may be attributed to the 

presence of a broad band associated with C=C bond vibrations of alkene groups, 

ranging from 1690 to 1580 cm⁻¹ [137]. 

7. The characteristic peaks of CH2 bonds within PCL appear smoother and less 

pronounced in comparison to other samples. This smoothing can be attributed to the 

presence of TTO-related peaks in the region ranging from 2961 to 2876 cm⁻¹, stemming 

from symmetric and asymmetric stretching vibrations of -CH, -CH2, -CH(CH3), and -

CH(CH2) groups [137]. 
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Figure 3.9 FTIR-ATR spectra of the different samples. Inserts: magnification of the wavelength range  

where the main shifts or changes in peaks were observed. 

 

The analysis provides confirmation of the successful formation of the coating. Given its 

nanometric thickness, there is still observable information about the chemical bonds of the 

PCL-substrate at the surface. However, the presence of other compounds is evident due to 

shifts in the peaks and the emergence of new ones. This suggests that the polyelectrolytes 

effectively bond together through electrostatic interactions.
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3.3.2.2 X-Ray photoelectron Spectroscopy (XPS)  

The surface chemical composition of the membranes was explored using X-Ray 

Photoelectron Spectroscopy (XPS). Figure 3.10 presents the survey spectra of the samples, 

and Table 3.6 summarizes the atomic percentages of the elements detected during the 

analysis. 

Carbon (C 1s) at 285 eV and oxygen (O 1s) at 532 eV were consistently identified in all 

samples, which is expected as they are fundamental elements present in both the 

substrate and coating materials. In the case of the uncoated PCL sample, nitrogen (N 1s) at 

399 eV was also detected. This presence can be attributed to the aminolysis treatment 

performed on the membranes for functionalization. 

Subsequently, in the samples coated with two layers, the N 1s signal was not detected. This 

suggests the successful formation of the first layer with Manuka honey efficiently 

interacting with the substrate. Manuka honey itself does not inherently contain nitrogen 

atoms, and it's possible that the layer's thickness may have obscured the detection of 

aminolyzed groups, given that the analysis depth is approximately 5 nm. In contrast, 

chitosan does contain nitrogen atoms, and its absence in the second layer might indicate 

that the expected interaction did not occur as anticipated or that chitosan was entirely 

removed during the washing step. Starting from the eight-layer coating and onward, the 

nitrogen peak re-emerged prominently, affirming the presence of chitosan as a positively 

charged polyelectrolyte within these layers. Moreover, sodium (Na 1s), a significant 

component of the buffer solution used to dissolve the polyelectrolytes, was detected at 

1070 eV. A minimal quantity of silicon (Si 2p) was observed at 102 eV, with the 1L sample 

exhibiting slightly higher levels, possibly due to contamination.  

Table 3.6 Atomic percentages of the elements detected by XPS analysis. 

 

 

Sample 

Atomic % 

O 1s C 1s N 1s Na 1s 

Aminolysed PCL 28.57 68.05 1.63 n.d. 

2L 18.16 80.76 n.d. n.d. 

8L 22.26 72.1 3.18 1.1 

14L 22.49 71.44 2.97 1.47 

8L & TTO 26.90 68.90 2.09 2.26 

8L & EO 29.85 67.28 2.87 n.d. 

14L & TTO 29.60 66.45 2.86 1.09 

14L & EO 28.65 66.59 4.76 n.d. 
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Furthermore, to better investigate the increasing and decreasing trends of the atomic 

percentages, high resolution XPS was conducted on C 1s, and spectra deconvolution was 

performed.



  

 

 

 

 

 

Figure 3.10 XPS survey spectra of the analysed samples: PCL, 2L, 8L, 8L & TTO, 8L & EO, 14L, 14L & TTO and 14L & EO. 

 

14 L 
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➢ Aminolysed PCL: The deconvolution of the C 1s spectrum revealed two distinctive peaks associated 

with the C-N bond and electron density (ED) shifts, specifically occurring at 285.92 eV [138] and 

286.11 eV [139]. In addition to these, there were other characteristic peaks indicative of the PCL 

(polycaprolactone) structure. These included a peak at 288.10 eV, corresponding to the C=O bond 

[140], and peaks at 284.60 eV [140] and 285.08 eV [141], which are associated with the C-C bond. 

Detailed images illustrating these findings can be found in Figure 3.11 

 

Figure 3.11 XPS high-resolution spectra of C of aminolysed PCL sample. 

The percentages of atomic concentrations associated with each bond type are presented in Table 3.7. 

The notably high concentration of the C-N bond can be attributed to the aminolysis process, which 

exposes NH2 groups at the surface of the material. 

 

Table 3.7 Atomic concentration (%) for each bond typology of aminolysed PCL sample. 

 

 C-N C=O C-C C-O 

Atomic Conc (%) 65.62 2.76 2.22 26.30 

 

 

➢ 2 Layers:  

 The deconvolution of the C 1s spectrum has provided further insights into the chemical composition 

of the material. Here are the key findings: 

A peak at 284.81 eV indicative of aromatic groups was observed, suggesting that the previous layer 

containing Manuka honey is still detectable. 

 The peak at 288.83 eV is associated with carboxylate carbon (C=O/O=C–O) [150]. 

Another peak at 286.22 eV corresponds to a C-O bond [151], while 285.08 eV represents the C-C/C=C 

bond [141]. 
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Detailed images illustrating these findings can be found in Figure 3.12.  

Figure 3.12 XPS high-resolution spectra of C of 2 layers sample. 

 

The percentages of the atomic concentrations related to each bond typology are reported in table 3.8. 

 

Table 3.8 Atomic concentration (%) for each bond typology of 2 layers sample. 

 

 N-C=N C=O/O=C-O C-C/C=C C-O C-N-C C-OH -OH 

Atomic 

Conc (%) 

4.90 0.73 73.85 1.18 0.01 0.82 16.60 

 

 

8 Layers. The deconvolution of the C 1s spectrum revealed the presence of several peaks and related 

chemical bonding, providing detailed insights into the material's composition: 

A peak at 284.78 eV corresponds to C=C bonding [154]. At 286.14 eV, there is evidence of C-N bonding 

[155]. 

The peak at 288.59 eV is associated with C=O bonding [156]. Another C=C peak is observed at 287.34 eV 

[157].A peak at 285.16 eV signifies C-C bonding [158]. 

These detailed deconvolutions are depicted in Figure 3.13, providing a comprehensive view of the 

chemical bonds and species present in the material. 

 

Figure 3.13 XPS high-resolution spectra of C of 8 layers sample. 
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The percentages of the atomic concentrations related to each bond typology are reported in table 3.9. 

 

 C-N C-N C=C C-O C-C -OH -NH 

Atomic 

Conc % 

1.35 0.69 3.64 1.18 66.49 20.63 2.93 

 

Table 3.9 Atomic concentration (%) for each bond typology of 8 layers sample. 

 

 14 Layers. We can appreciate the presence of aromatic groups at 284.81 eV thanks to the 

deconvolution of C1 peaks, while at 286.30   and 285.60 eV indicated C–O bonding [166] [167], 288.71 eV 

carboxylate carbon -COO- [168], 287.74 eV C=O [169] and 285.18 C-C bonding.  

The deconvolution is shown in figure 3.13. 

 

 

Figure 3.13 XPS high-resolution spectra of C of 14 layers sample. 

 

The percentages of the atomic concentrations related to each bond typology are reported in table 3.10. 

 

Table 3.10 Atomic concentration (%) for each bond typology of 14 layers sample. 

 

 N-C=N C=O COO- C-O C-C N-C=O -NH 

Atomic 

Conc (%) 

3.57 20.97 0.59 1.5 65.67 0.22 2.73 

 

 

8 Layers & TTO. The deconvolution of the C 1s spectrum in this analysis reveals similar peaks compared 

to the previous analysis which are at 284.82 eV representing the aromatic carbon and at 286.30 eV for 

the C-O bonding. Peaks at 287.44 eV indicated the presence of C=O [172]. Moreover, the peak at 285.31 

eV corresponds to C-C bond.  
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The deconvolution are shown in figure 3.14. 

 

 

 

Figure 14 XPS high-resolution spectra of C of 8 layers sample with the last 4 incorporating TTO. 

 

The percentages of the atomic concentrations related to each bond typology are reported in table 3.11. 

 

Table 3.11 Atomic concentration (%) for each bond typology of 8 layers sample with the last 4 incorporating TTO. 

 

 
C-O C-C C-H 

Atomic 

Conc (%) 

4.19 65.14 30.67 

 

 

8 Layers & EUO. Through the carbon deconvolution, we can discern that the aromatic peak reappeared 

at 284.81 eV. The peak at 286.32 eV corresponds to the O=C-N bond [178], while the peaks at 288.13 eV 

and 285.25 eV are associated with the C=O [179] and C-N [180] bonds, respectively. The deconvolution 

results are illustrated in Figure 3.15. 
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Figure 3.15 XPS high-resolution spectra of C of 8 layers sample with the last 4 incorporating CEO. 

 

 

 

 

Table 3.12 Atomic concentration (%) for each bond typology of 8 layers sample with the last 4  incorporating CEO. 

 

 N-C=N & O=C-N C=O C-N-C- C-N 

Atomic Conc (%) 5.14 23.38 0.17 67.67 

 

 

14 Layers & TTO. The carbon peak with aromatic properties appears at 284.82 electronvolts (eV). 

Additionally, at 286.25 eV, 287.97 eV, and 285.09 eV, peaks corresponding to C-O [188], C-N [189], and 

C-C [190] can be observed, respectively. 

The deconvolution is shown in figure 3.16. 

 
 

Figure 3.16 XPS high-resolution spectra of C of 14 layers sample with the last 4  incorporating TTO. 

The percentages of the atomic concentrations related to each bond typology are reported in table 3.13. 

 

Table 3.13 Atomic concentration (%) for each bond typology of 10 layers sample with the last 4  incorporating TTO. 

 C-O/C=O C-N C-C 

Atomic Conc 

(%) 

21.46 0.06 67.81 

 

14 Layers & EUO. Through the process of carbon deconvolution, it becomes evident that there are atoms 

within the aromatic ring groups at 284.78 electronvolts (eV), as well as carbon atoms involved in C-N/C-
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O bonds at 286.30 eV [193]. Furthermore, peaks at 288.42 eV and 285.09 eV represent the presence of 

C=C [194] and C-C bonds, respectively. 

The deconvolution is shown in figure 3.17. 

 

 

Figure 3.17 XPS high-resolution spectra of C, of 10 layers sample with the last 4 incorporating EO. 

 

The percentages of the atomic concentrations related to each bond typology are reported in table 3.14. 

 

Table 3.14 Atomic concentration (%) for each bond typology of 10 layers sample with the last 4 incorporating CEO. 

 

 
C-C C=C C-O C-O/N-C 

Atomic 

Conc (%) 

66.62 0.75 20.93 3.25 

 

 

X-ray Photoelectron Spectroscopy (XPS) analysis is an incredibly powerful tool, enabling the investigation 

of sample surfaces to detect chemical bonds and the atomic composition of the primary elements of 

interest. In this particular case, it has facilitated the identification of the polyelectrolytes used for coating. 

Specifically, the presence of aromatic groups in the initial layer indicates the utilization of Manuka honey 

(a negative polyelectrolyte - found in odd-numbered layers), while the presence of -NH2 groups is 

indicative of chitosan (a positive polyelectrolyte - present in even-numbered layers). By comparing 

samples with 14 layers, one can discern the presence of essential oils by examining changes in the atomic 

concentration of aromatic carbon. Furthermore, the presence of (C-N-C) and (N-C=O) bonding  

confirms the occurrence of electrostatic interactions between the layers. 
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3.3.2.3 Methylglyoxal Assay Test 
Thanks to MGO kit, we have obtained, for each chosen time point, an associated absorbance value, which 

once inserted into an equation defining a calibration line, instead of abscissas, allows us to obtain the 

concentration of MGO released from the membrane in that time interval. 

 

The equation is:    

𝑓(𝑥) = 1.6194𝑥 − 0.009 

 

which goes to describe the calibration line (Fig 3.18) 

 

 

Figure 3.18 Calibration line 
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8 Layer MH 
 

 
 

 
 
14 Layer MH 
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10 Layer MH + 4 Layer EEO 
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10 Layer MH + 4 Layer TTO 
 

 
 

 
 

8 Layer MH + 4 Layer EEO 
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8 Layer MH + 4 Layer TTO 
 

 
 

 
thanks to the concentration time plots, we can observe that , from the point of view of the release of 

MGO, the various samples assume the same behaviour, testimony to the fact that at each time point the 

amount of MGO released is the same. 
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3.4 Biological evaluation 

3.4.1 Cellular Test 
The Neo-Fibroblast cells used in this study and observed under an optical microscope are depicted in 

Figure 3.25 

 

 

Figure 3.25 View at the optical microscope of neo-fibroblast cells employed in the cellular tests. 

 

Cell tests were conducted following the procedures outlined in section 2.4.1. The samples subjected to 

testing included: 

1. PCL membrane without any coating. 

2. PCL membrane coated with 14 layers of MH+CH. 

3. PCL membrane coated with 14 layers of MH+CH incorporating TTO (Tea Tree Oil). 

4. PCL membrane coated with 14 layers of MH-CH incorporating EO (Essential Oils). 

These samples were then compared to a control group that consisted solely of cells. 

 

3.3.4.2 PrestoBlue® Assay 
PrestoBlue® Assay was carried out to examine the metabolic activity and, consequently, the viability of 

the cells that came into contact with the electrospun membranes coated with various materials (see 

Figure 3.26). The level of viability is directly linked to the intensity of fluorescence emission measured at 

590 nm. 
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Figure 3.26 Multiwell Plate in which PrestoBlue assay 

 

Histograms displaying the results obtained for various samples at the three time-point are illustrated  in 

figure 3.27. 

 

Figure 3.27 Histograms of PB results of the samples at different time points.
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Statistical evaluation of variances in PrestoBlue® assay outcomes was accomplished through a one-way 

analysis of variance (ANOVA) considering the five samples and three distinct time-points. Subsequently, 

post hoc pairwise comparisons between two means were executed employing Tukey's test, with a 

predetermined level of statistical significance established at p < 0.05 (*). 

Table 3.17 provides a legend detailing the samples and time-points for reference. 

 

Table 3.17 Legend of samples and time-points employed in the statistical analysis (ANOVA). 

 

 1 2 3 4 5 

Sample CTRL Cells PCL 14L 14L & TTO 14L & CEO 

Time-point 24 h 72 h 7d / / 

 

 

The analysis initially examined disparities for each sample type at various time points (24 hours, 72 hours, 

and 7 days). Subsequently, distinctions among the different samples at the same time point were also 

investigated. 

Based on the statistical analysis, it can be inferred that there are no substantial variances at the initial 

time point (24 hours), signifying that cell viability is comparable across all sample types during this 

period. However, at the second time point (72 hours), differences emerged between samples 2-3, 2-4, 

2-5, and 3-1, with a p-value of 0.000, indicating statistical significance. Finally, at 7 days, noteworthy 

differences were observed solely between sample 3 and samples 1, 2, and 5, with a p-value of 0.001. 

To gain a deeper understanding of these differences, it is helpful to examine the statistical analysis for 

each type of sample over time. For samples 1, 2, and 4 (cells, PCL, and 14L & TTO), no significant 

differences in cell number were observed among the time points. Regarding sample 3 (14 layers without 

coating), time points 2 and 3 differed from 1 (but not from each other), indicating a decrease in cell 

viability over time (p-value 0.011). Time points related to sample 5 displayed differences as well. 

It's intriguing to note that for sample 5, significant differences were observed between each of its time 

points (p-value 0.000). The cell viability trend for this sample is remarkable: there was an initial decrease 

in viability from 24 hours to 72 hours, succeeded by a rapid increase over the following 7 days, ultimately 

exceeding the viability value at 24 hours. 

The percentage of cell viability can be calculated using the following equation: 

 

% 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒

control fluorescence
 × 100

 

The control fluorescence measurement is associated with the scenario involving cells only, without the 



92 

  

 

presence of membranes, after a 24-hour period. A graphical representation of the observed trends is 

depicted in Figure 3.28. 

 

 

Figure 3.28 Histogram chart representing the viability (%) of the cells in contact with the samples at the different time-points. 

 

These findings indicate that the viability of the neo-fibroblasts remained largely intact when in contact 

with the membranes. Notably, the only exception was sample number 3, which had 14 layers without 

essential oils, resulting in a roughly 50% decrease in viability while still maintaining some level of viability. 

The increased viability of fibroblasts in contact with the membrane containing Chief Executive Officer 

(CEO) is intriguing and unexpected. Given the absence of relevant data in the existing literature, further 

investigation into the impact of CEO on human cells is warranted. 

Additionally, the results obtained from the Live/Dead Assay images (3.4.1.2), conducted using a 

fluorescence microscope, corroborated the findings obtained from the previous Protein Binding (PB) 

assay. 
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3.4.2 Live/Dead Assay 
Figure 3.29 display the Live/Dead fluorescence images captured at the 7-days time-points. In this images, 

viable cells are marked by blue fluorescence, while non-viable cells are identified by green fluorescence. 

 

 

 

Figure 3.29 Live/Dead assay at 7-days. A) PCL, B) 14-layer wo oils, C) 14 layers & TTO, D) 14 layers & CEO. Bar 200 µm. 

 

At the 7-days mark, all cells exhibited complete viability. We can observe, by referring to the pictures in 

the figure 3.29, that the cells are alive, marked in blue, while in the quadrant that turns out to be 

completely black, we do not notice any green fluorescence, which would testify to the fact that some 

cells are dead. 

Furthermore, it can be seen that the number of live cells is much greater when analysing the membrane 

in figure B, consisting solely of 14 layers of MH without essential oils, and that in figure C, where the last 

layers are functionalised with eucalyptus essential oils, again referring to the control, figure A, 

membrane of aminolysed PCL only. 

In contrast, in the membrane functionalised with Tea Tree essential oils, figure D, fewer cells are 

observed. 

 

 

 

 

 

 

 

A 

D C 

B 
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3.4.3 Bacterial tests 
The graphs in the Figure 30 and in the Figure 31 (Staphylococcus aureus and Klabsiella pneumoniae 

respectively) represent an estimate of the quantity of bacterial cells, respectively recruited on the 

different membranes, both functionalised and non-functionalised, taken into account. 

 

 

 

 

Figure 3.30 and 31 - quantity of bacterial cells (Staphylococcus aureus and Klabsiella pneumoniae respectively), respectively 

recruited on the different membranes  

 

According to the results of the bacteriological tests, illustrated in the graphs above, we can see that, as 

far as Staphylococcus is concerned, the presence of MO in the layers covering the membrane does not 

constitute a pronounced antibacterial effect. Quite the opposite in the case of Klebsiella, where the 

effect of MH contributes to the bacteria not being deposited on the membrane. 

In both cases, on the other hand, the effect of the essential oils, eucalyptus and tea tree, is 

detrerminating in the antibacterial action, more pronounced in the case of Klebsiella rather than the 

Staphylococcus. 
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Chapter 4: Conclusions and future prespectives 

 

Persistent wounds linked to antibiotic resistance represent a global health challenge, necessitating the 

immediate exploration of novel treatment approaches. In this research, we have developed and 

examined contemporary wound dressings coated with natural antimicrobial compounds. By utilizing 

electrospun membranes made of polycaprolactone, we have successfully emulated the structure and 

function of the extracellular matrix (ECM). The chosen coating method, involving layer-by-layer 

assembly, has effectively created a nanoscale coating without altering the substrate's nanostructure or 

porosity. 

The analysis conducted confirms the successful formation of the coating: X-ray Photoelectron 

Spectroscopy (XPS) revealed the presence of chemical bonds between the layers, while Fourier 

Transform Infrared Spectroscopy with Attenuated Total Reflection (FTIR-ATR) enabled the 

differentiation of various coating compositions. Additionally, scanning electron microscopy (SEM) 

imaging indicated a nanoscale thickness of the coating (approximately 160 nm for a 14-layer coating). 

A noteworthy innovation in this study is the exclusive use of natural compounds within the coating. The 

natural polyelectrolyte solutions forming the layers exhibited antibacterial properties, as demonstrated 

by bacterial tests. Chitosan (1% w/v) completely inhibited the bacterial strains, while manuka honey 

(20% w/v) showed partial susceptibility with the presence of some resistant colonies. Further exploration 

of different manuka honey concentrations is advisable to determine the minimum concentration 

required for complete antibacterial efficacy. 

Regarding the nanoemulsions of essential oils (EOs) incorporated into manuka honey solutions, their 

long-term stability warrants additional investigation. Emulsion stability is correlated with ζ-potential, 

which should be considered in experimental design for more reliable statistical predictions. Evaluating 

the cytotoxicity of higher EO concentrations (above the 4% w/v employed) on cells is also of interest, as 

excessive EO concentrations can be cytotoxic to human cells. Additionally, agar diffusion tests for the 

combination of manuka honey and EOs should be conducted. 

In conclusion, these types of membranes are well-suited for dry or low-exuding wounds, with the layer 

composition optimized for immediate and sustained antibacterial action while minimizing cytotoxicity, 

allowing cell proliferation and tissue regeneration. 

Future advancements in wound healing will likely involve 3D skin bioprinting technology. This approach 

combines bioprinting strategies, bioinks, and cells to create skin models with controlled architecture, 

mimicking physiological skin structure and function in a highly reproducible manner. 

Finally, it may be advisable to consider the use of natural polymers, such as Gellan Gum, instead of 

synthetic PCL, with the aim of enhancing the membrane's biocompatibility and minimizing the potential 
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for rejection by the body. 

 

Figure 4.1 Representation of the elements involved in skin bioprinting [198]. 
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