
This is a peer-reviewed, accepted author manuscript of the following research article: Man, E., & Hoskins, C. (Accepted/In 
press). Towards advanced wound regeneration. European Journal of Pharmaceutical Sciences. 

 1 

Towards advanced wound regeneration 

Ernest Man and Clare Hoskins* 

 

Department of Pure and Applied Chemistry, Faculty of Science, University of Strathclyde, 

Glasgow, Scotland, G1 1RD 

*Corresponding Author:  

 Dr Clare Hoskins 

 Pure and Applied Chemistry 

 Technology and Innovation Centre 

 99 George Street 

 Glasgow 

 G1 1RD 

 clare.hoskins@strath.ac.uk 

 +44141 5482796 

 

 

Abstract: Wound management is a major contributor towards the economic burden placed 

upon the national health service (NHS), serving as an important target for the development of 

advanced therapeutic interventions. The economic expenditure of wound care for the NHS 

exceeds £5 billion per annum, thus presenting a significant opportunity for the introduction of 

alternative treatments in regards to their approach in tackling the ever increasing prevalence of 

wound management associated problems. As most wounds typically fall under the acute or 

chronic category, it is therefore necessary to design a therapeutic intervention capable of 

effectively resolving the pathologies associated with each problem. Such an intervention 

should be of increased economic viability and therapeutic effectiveness when compared to 

standardized treatments, thus helping to alleviate the financial burden imposed upon the NHS. 

The purpose of this review is to critically analyse the various aspects associated with wound 

management, detailing the fundamental concepts of dermal regeneration, whilst also providing 

an evaluation of the different materials and methods that can be utilised to achieve maximal 

wound regeneration. The primary aspects of this review revolve around the three concepts of 

antibacterial methodology, enhancement of dermal regeneration and the utilisation of a carrier 

medium to facilitate the regenerative process. Each aspect is explored, conveying its 

justifications as a target for dermal regeneration, whilst offering various solutions towards the 

fulfilment of a therapeutic design that is both effective and financially feasible.        
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1.0 Introduction 

Wound care represents an important aspect of human civilisation, dating back to ancient times 

where the systematic process of wound washing, plaster creation and bandaging were first 

described [1]. One of the earliest iterations of wound management utilised honey for 

antibacterial purposes, grease for the physical separation of the wound from bacteria and lint 

for wound drainage [1], which from a modern day perspective still covers some of the most 

important aspects of wound care, i.e. antibacterial activity and the drainage of exudate. In the 

modern-day, the mitigation and alleviation of such problems are still highly regarded, however 

unlike the past, the present-day offers significantly more advanced materials which can 

facilitate wound regeneration at a higher efficacy. Despite the outstanding development in 

modern-day regenerative strategies, the problems associated with wound care are still vast and 

challenging, with many issues stemming from socioeconomic circumstances, which have yet 

to be resolved.      

The NHS is an independent public healthcare provider situated within the UK and is the main 

source of healthcare related treatment and diagnosis for most UK citizens.  It is reported that 

the estimated annual cost of wound care for the NHS is approximately £5.3 billion, which 

roughly equates to 4% of the NHS’ total expenditure for the year of 2012-2013 and was also 

reported to be in excess of £5 billion for the year of 2015, rivalling the NHS treatment costs 

that are associated with obesity [2]. It has been reported that within 2012-2013 2.2 million 

people were wounded, with 278,000 of these cases being venous leg ulcers which resulted in a 

financial cost of £1.94 billion, coupled with 87,000 incidences of burn wounds incurring a cost 

of £89.6 million [3]. On a per annum basis, an average of 61% of all total wounds were fully 

healed which resulted in a financial cost of £2.1 billion. On the other hand, an average of 39% 

of all total wounds did not heal within the year of the study, incurring a cost of £3.2 billion 

which is a 135% more than expensive than the cost associated with healed wounds. Based on 

this study the per patient cost attributed to fully healed wounds were between £698-£3998, 

whilst the cost of unhealed wounds between £1719-£5976 [3]. 2.2 million wounded individuals 

were identified, with 40% of this population suffering from acute wounds, 48% suffering from 

chronic wounds and 12% suffering from other wounds. Examination of this data indicates that 

acute and chronic wounds are the most prevalent types, with acute wounds receiving the highest 

percentage of full recovery and the highest percentage of new development. 

Utilisation of the wound cost data coupled with the population of wounded individuals allows 

for the identification of the financial costs that are attributed to a specific type of wound and 

whether or not it had healed. Analysis of data suggests that on a per person basis, individuals 

with acute wounds received the most financial support, especially for those who have not 

healed from their injury. 

Given the relatively low healing statistics and the sizeable population of those suffering from 

chronic wounds, it can be assumed that the cost per person in the unhealed acute category is 

higher, so as to prevent the escalation of the acute wound into a chronic state. Despite the fact 

that the financial support for chronic wounds is the largest amongst the 3 categories; the 

population size is also the largest, which when examining the financial cost per person, 

suggests that the financial focus for chronic wounds is towards the maintenance of the affected 

area so as to prevent further deterioration. Based on these financial figures, it could be 

suggested that the socioeconomic priority of the NHS is to prevent the transition of acute 

wounds into chronic wounds, as the financial burden is not only more significant, but can also 

severely impact the socio-psychological state of the patient, thus causing more complications.     
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One of the most significant problems associated with chronic wounds is the drastic reduction 

in the quality of life, which can occur as a result of continual pain, altered sleeping patterns, 

altered eating habits, fatigue, stress and reduced mobility. The psychological consequences of 

these issues include depression and anxiety which can lead to social isolation, thus placing the 

patient into a positive feedback loop of deteriorating emotional and mental health [4].  

Furthermore, the acquisition of a chronic wound can also incur long term socioeconomic 

problems such as early retirement, early retirement pensions, occupational retraining and 

financial costs associated with hospital stays, rehabilitation and treatment in countries without 

universal healthcare.    

Evaluation of the financial costs attributed to wound care suggests a substantial opportunity for 

improvement, especially in regard to the development of a regenerative product that can resolve 

many of the issues associated with wound management. By focussing development towards an 

effective regenerative treatment, it will not only reduce the number of hospital admissions but 

will also reduce the worldwide consumption of antibiotics, thereby hindering the overall 

progress of antibiotic resistance on a global level. Such a treatment should be designed to heal 

acute wounds, thus mitigating the deterioration of the wound into a chronic state. The treatment 

itself should also be as non-invasive as possible, so as to not negatively impact the patient’s 

quality of life, which in turn will prevent the degeneration of patient’s psychological and 

emotional health. To reduce the public’s reliance on medically trained professionals, the 

treatment itself should be user-friendly and of a simplistic nature, thus ensuring ease of 

application for untrained staff. For the purposes of developing an alternative treatment capable 

of fulfilling these objectives, this review will therefore explore the skin makeup and the various 

different aspects that contribute towards an effective regenerative treatment.     

 

2.0 The human cutaneous system 

The human skin is a dynamic multifunctional organ comprising of different dermal layers 

which together isolate the pathogenically vulnerable vascular systems from the outside 

environment.  The overall structure of the skin can be classified into three distinct layers, the 

epidermis, dermis and the subcutaneous tissue. The epidermis is the outermost layer, 

representing the body’s initial line of defence and has variety of different functions ranging 

from the protection against external microbiota, ultraviolet radiation, chemical and physical 

stimuli, homeostatic thermoregulation, trans-epidermal moisture retention and physical 

sensory perception.  The epidermis is 0.05-1 mm thick and is sectionalized into four to five 

distinct sub-layers with respect to the area of skin being studied. These sub-layers are the 

stratum corneum, stratum lucidum, stratum granulosum, stratum spinosum and the stratum 

basale, Figure 1. The composition of each sub-layer is primarily made up of keratinocytes that 

are phenotypically unique in respect to the specific function of the sub-layer and is also 

composed of melanocytes and Langerhans cells. The physiology of the skin has been outlined 

extensively elsewhere and so will not be addressed within this review. 

2.2 Skin microbiome 

The skin microbiome exists in equilibrium with the mammalian body, whereby the cutaneous 

flora serves to refine and educate the immune system, resulting in an appropriate immune 

response that can regulate the development of the epidermal microbiota. There are a variety of 

factors associated with the development of microbiota which determine the strain and 

concentration of pathogenic growth. These factors include the temperature, humidity, density 

of sebaceous glands, physiological age and sebum production. Areas of increased humidity and 

temperature such as the auxiliary vault and groin promote the growth of certain gram negative 
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bacteria, S.aureus and coryneforms. Areas with a high density of sebaceous glands, such as the 

face tend result in the growth of lipophilic microbiota which include Malassezia spp and 

Propionibacterium spp. On the contrary areas of with consistent temperature fluctuations and 

low humidity, such as the arms and legs, result in a microbiome concentration that is 

significantly less than their warm and humid counterparts. In regard to the factors of age and 

sebum production, different physiological responses are associated with different phases of 

biological age. An example of this is puberty which result in increased sebum production, 

further encouraging the proliferation of specific lipophilic bacteria which causes a significant 

disparity in bacterial diversity. Despite the fact that sebum acts as an antibacterial layer, certain 

strains such as P.acnes can hydrolyse the triglycerides found in sebum, leading to its successful 

migration into the sebaceous gland. This subsequent imbalance results in the increased 

proliferation of commensal bacteria such as P.acnes, causing a build-up of secretions such as  

proteases, hyaluronidases and lipases which breakdown the tissue lining of sebaceous glands 

and hair follicles [5]. This then follows a positive feedback cycle whereby the breakdown of 

tissue lining causes increased pathogenic exposure, leading to increased migration of P.acnes 

in the pilosebaceous units, thus exacerbating the severity of the injury. Commensal microbiota 

is typically harmless when existing on a healthy sebaceous surface, however they become 

pathogenic when the surface barrier becomes impaired, resulting in the occurrence of infections 

at the site of trauma. Although commensal bacteria are not usually responsible for the 

incurrence of the wound itself, their presence within the site of injury can lead to chronic 

inflammation, thus preventing the skin from undergoing a full recovery [6].   

        

Most skin bacteria can be categorised into the different phyla of Proteobacteria, Bacteriodetes, 

Firmicutes and Actinobacteria, however the balance in which these bacteria exist is purely 

dependent on the area of the body being examined. Actinobacteria contribute towards the 

greatest population size for epidermal skin, whilst Bacteriodetes and Firmicutes are most 

abundant in the gastrointestinal area. Desiccated areas of skin typically have the greatest variety 

of microflora, with a highly diversified representation of all four bacterial phyla. On the other 

hand, areas of high humidity result in decreased diversity with Corynebacterium spp and 

Staphyloccus being the most dominant organisms. 

 

2.1.1 Bacterial modulation 

The growth and development of bacterial flora is modulated by host-microbial homeostasis 

which maintains the equilibrium between the immune system and the microbial ecosystem that 

exists on the epithelial layer. This is continually regulated by keratinocytes via pattern 

recognition receptors which discriminate via pathogen associated molecular patterns which 

include the lipoteichoic acid that is present in gram positive bacteria, lipopolysaccharides that 

are found in gram negative bacteria, nucleic acids and flagellin. The activation of the pattern 

recognition receptors initiates the secretion chemokines, cytokines and antimicrobial peptides, 

which eradicates targeted microorganisms including bacteria, enveloped viruses and fungi [7]. 

Whilst unwanted bacterial strains can trigger the cascade leading to the secretion of 

antimicrobial peptides, commensal bacteria such as P.acnes S.epidermidis are largely ignored 

due to their immunologically harmless nature when existing on healthy epidermis and may 

positively benefit the host in a synergistic manner. Taking S.epidermidis as an example, its 

commensal nature may have developed as a co-evolutionary by-product with its human host, 

resulting in favourable traits that help to extend the mortality of the human host. Such traits 

include low cytotoxicity as well as the production of bacteriocins which are antagonist 

molecules that supress the development of more pathogenic strains within the same species. In 

the case of S.epidermidis, the bacteriocin produced include epidermin, epicidin 280, epilancin 

k7 and Pep5 which are lantibiotics capable of inhibiting the development of methicillin 
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resistant S.aureus (MRSA) and other types of s.epidermidis [8]. Another synergistic benefit 

includes the secretion of lipoteichoic acids which suppresses skin inflammation during wound 

regeneration, thus suggesting that such commensal bacteria are important for the maintenance 

of homeodynamic skin inflammation. Although its commensal nature has been of benefit to its 

human host, s.epidermidis is still considered to be an opportunistic pathogen in scenarios where 

the medical devices are integrated into immunocompromised patients and when the epidermis 

is breached, leading to its migration of the bacteria into the blood stream.      

         

2.4 Permeability: Healthy vs compromised skin   

Healthy skin pertains to the retention of a fully functional epidermal layer, whilst compromised 

skin is associated with the impairment of the epidermis resulting in the exposure of the 

underlying dermis. In regard to the constitution of each layer, the epidermis is innately 

hydrophobic due to its lipid-based constituency, whilst the dermis is hydrophilic due to its high 

osmotic saturation relative to the other dermal layers. Taking these facts into consideration, 

healthy skin is initially hydrophobic, but upon its impairment, extrudes a hydrophilic nature. 

Alterations in the skin’s hydrophobicity need to accounted for when developing an appropriate 

treatment for the regeneration of the dermis and epidermis, as the regenerative agent will need 

to be fine-tuned to ensure maximal absorbency within the targeted area.  

As the hydrophobic nature of the epidermis results from the accumulation of lipids, transdermal 

drugs need to include a lipophilic component to be able to dissociate and bypass the epidermal 

barrier. The main issue regarding trans-epidermal drug delivery is the fact that the lipid 

pathway occurs between tightly packed keratinocytes, leading to severe restrictions in drug 

permeation rates which are further affected by the size and innate polarity of the drug molecule. 

It is proposed that the primary route taken by transdermal transport occur through the structural 

defects found within the lipid matrix, existing as a nano-pinholes, dislocations and grain 

boundaries [9]. It was postulated by S.Mitragotri that excessive water conditions can increase 

the formation rate of the defects, leading to enhanced permeation. This is based on the fact that 

the swelling of the SC, SC bilayer fluidization, coupled with the packing imperfection of the 

SC bilayer components will increase the formational likelihood of structural defects [10]. The 

permeability of hydrophobic solutes through the epidermal layer display a strong bias towards 

size selectivity, whereby solutes with a radius of less than 4 Angstroms have significantly 

higher rates of diffusivity. This is mainly attributed to the radial size of the molecular cavities 

within the epidermal layer, thus indicating that the hydrophobic molecules with a radius smaller 

than the molecular cavity will experience less steric hindrance, leading to increased 

permeability. In regards to the permeation of hydrophilic molecules, it is hypothesized that the 

diffusion pathway occurs through the pores within the SC and are affected by the factors of 

porosity, pore size and tortuosity. Generally speaking, hydrophilic molecules with a reduced 

hydrodynamic radius show higher rates of skin permeability, leading to a trend line which 

displays increased exponential decay in skin permeability relative to the increase in 

hydrodynamic radius. Quantitative analysis confirms that the permeation of hydrophobic 

solutes through a healthy epidermis is significantly higher than that of hydrophilic solutes. 

When comparing the relative permeability of hydrophilic and hydrophobic molecules based on 

similar molecular weights, the permeability of the hydrophobic molecules is typically a couple 

of magnitudes higher than their hydrophilic counterparts.        

Dysfunction of the epidermis leads to the increased permeability of both hydrophilic and 

hydrophobic molecules, whereby the increase in hydrophilic solute permeability is 

significantly higher than their hydrophobic counterparts. A study conducted by Schlupp et al 

tested the permeability of solutes with differing hydrophilicities, caffeine, sorbic acid and 
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testosterone, on skin samples of various conditions. The results indicated that the trans-

epidermal water loss (TEWL) was approximately three times higher in abraded skin than 

untreated skin for all three solutes, the lag time was significantly reduced for caffeine which is 

the most hydrophilic substance of the three, whilst testosterone, the most hydrophilic solute, 

received minor reductions in lag time. The total percentage recovery for all three solutes were 

similar, showing a minor decrease in total recovery when comparing abraded skin to untreated 

skin. The test parameter of total percentage drug uptake indicated an approximate increase of 

700% for caffeine when comparing abraded skin against untreated skin, whilst testosterone 

uptake increased by less than 200% [11]. The general consensus indicates that the impairment 

of the epidermal barrier will lead to an increased uptake of both hydrophilic and hydrophobic 

molecules, however the main disparity in their permeability is the relative difference in the rate 

of uptake, whereby the most hydrophilic molecule, caffeine, displayed the most significant 

increase in drug uptake. Based on these results, it can be concluded that the increased exposure 

of the dermis leads to the increased absorption of hydrophilic molecules. Due to the fact that 

the composition of the dermis is approximately 70% water, compared to the SC which is 

approximately 15%, it is understandable that dermis has an increased affinity for hydrophilic 

components, leading their increased uptake upon the impairment of the epidermis.  

 

3. Injury - sources of cutaneous impairment  

Dysfunction of the epidermal barrier can be attributed to a variety of different sources ranging 

from direct physical trauma, disruptions to regular physiological function and chemical, 

thermal, electrical trauma, etc. The relative ability for the body to recover from subcutaneous 

impairment is highly dependent on the source of the injury and the intensity of the injury. Direct 

physical trauma can be classified into various categories including lacerations, punctures, 

abrasion, shearing injuries and blunt trauma. Burns can be classified into chemical, radiation, 

thermal and electrical, which in themselves are classified into varying degrees of severity. The 

severity of barrier impairment correlates to the increase in the risk of infection, which in itself 

can lead to reductions in the quality of life and the possible chance of bacteria-induced 

mortality. Various consequences can occur as a result of injury, ranging from cutaneous 

scarring, psychological trauma, changes in lifestyle and amputation in more severe cases. The 

immediate effect of skin impairment is the risk of bacterial infection as the permeation of 

bacterial bodies will lead the colonization of the wound area and its subsequent proliferation 

leading to the further degeneration of the wound site. Presence of the bacterial colony will not 

only inhibit the regeneration of the wound but may exacerbate the injury depending on the type 

of secretory molecule that is released. Upon the further penetration of deeper subcutaneous 

layers, the bacteria may infect the areas surrounding major vascular networks leading to sepsis 

when if the colony infects the blood stream. Based on this fact, it is imperative to determine an 

effective antibacterial method that can successfully eliminate bacteria before their migration 

into the deeper subcutaneous layers.      

3.1 Physical traumas 

Physical trauma implies the causative wounding by a physical object with applied directional 

forces, leading to tissue damage as the object contacts the body. Physical traumas include: blunt 

force, sheer force, abrasive force, lacerations or punctures. The general factors determining the 

extent of injury include the morphology of the object in question, the sterility of the object, its 

frictional coefficient, the extent of the directional force applied, the relative resistance of the 

bodily area to which the trauma is applied, as well as its physical composition. The morphology 

of the object in question determines the nature of the trauma, either being penetrative, blunt or 

abrasive. The sterility of the object determines the consequences and further complications 
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associated with physical traumas that bypass the epidermal barrier. The frictional coefficient 

determines the relative abrasive force, as well as the penetrative potential of the object when 

coupled with its morphology. The relative resistance of the bodily area and its associated 

physical composition, determine the combined ability of the tissue groups to resist injury, thus 

establishing the minimal force needed to wound with regards to the type of physical trauma 

applied. Physical traumas can be characterised into various categories, blunt trauma [12] which 

causes internal haemorrhaging, shear injuries [13] which also causes internal haemorrhaging 

and penetrative trauma which typically results in an open wound, i.e. abrasion, lacerations and 

punctures.   

3.2 Burn traumas  

Burn injuries are classified by their severity level, whereby first-degree burns are the most 

minor and third-degree burns being the most major. Burn injuries vary depending on the source, 

with thermal burns originating from localised heat sources, cold burns originating from 

localised cold sources, radiation burns originating from radiation sources, chemical burns 

originating from strong acids, bases, solvents etc. and electrical burns which originate from the 

close contact with a strong electrical source. The effects of burn traumas vary greatly, however 

the general consensus follows the increase in, vasodilation and capillary permeability, leading 

to the continual leakage of plasma into the surrounding interstitial space for approximately 48 

hours. Deeper burns generally result in higher losses of red blood cells as a result of acute 

vessel thrombosis. Red blood cells also haemolyse as a result of extreme heat, reducing its 

lifespan, which may lead to onset of anaemia. Unlike the heavy contamination involved in 

penetrative trauma, the immediate contact between the source of the burn and the skin result in 

instant sterilisation of the cutaneous contact area. Burn related infections typically occur within 

the week following the injury, leading to occurrence of sepsis which then further triggers 

inflammatory responses resulting in tissue damage and organ failure. In the case of non-severe 

burn traumas, blisters can form as a defence mechanism for preventing the escalation of further 

injuries. Fluids such as lymph fluid, plasma and blood can gather in between the epidermis and 

dermis creating a fluid filled pocket of various sizes. This pocket acts as a cushion to prevent 

any further damage, thus protecting the subcutaneous tissue lying beneath the epidermis. In 

regard to the classification of burn traumas, the severity of injury is dependent on the depth of 

engagement between the cutaneous tissue and the source of insult. First degree involves the 

epithelium becoming erythematic without the formation of blisters. Second degree burns are 

sub divided into second degree superficial which follows the engagement of the papillary 

dermis leading to blister formation, whilst second degree deep involves the reticular dermis 

resulting in the initial occurrence of eschar formations. Third degree is the most severe with 

eschar formations being predominant throughout the wound [14]. An eschar is a piece of 

protective necrotised tissue that provides temporary cover for the wound and will naturally 

slough or dissolve away within less than a month. Eschar have a leather like texture resulting 

in the complete loss elasticity, which can negatively affect the vascular flow of surrounding 

vessel systems [15].  As the eschar is piece of necrotic tissue, it acts as a suitable culture 

medium for bacterial proliferation leading the development of microbiomes deep within the 

eschar, resulting in pathogenic colonization of deeper tissues. To counteract this issue, the 

choice of topical formulation requires an antimicrobial agent capable of penetrating the eschar, 

however due to its low permeability, extensive quantities of topical products are required, 

thereby resulting in a need for a product that is effective, with minimal toxicity.     

3.3 Biological injury  

Dermal injuries can be induced by the activities of biological components produced from 

pathogens. In the case of bacteria induced dermal damage, different enzymes are produced 
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which can enzymatically degrade the dermal barrier. One of these enzymes are bacterial 

proteases which facilitate dermal injury through two distinct mechanisms. The first mechanism 

is direct damage to the structural integrity of the skin barrier via the enzymatic cleavage of 

structural proteins that make up the ECM. An example of this is the epidermolytic toxin (ET) 

produced from S. aureus which identifies and selectively cleaves the desmosomal caherin 

attributed to cellular adhesion, desmoglein 1 [16]. Another protease secreted by S. aureus is 

staphopain A (ScpA) and staphopain B (ScpB) which are both attributed to the enzymatic lysis 

of elastin which is one the primary proteins attributed the structural integrity and elastic 

potential of the ECM [17]. 

The other mechanism is indirect damage via the continual stimulation of the inflammatory 

cascade which impairs the healing process. This occurs as a result of the bacterial protease 

interfering with the natural defence mechanisms of the body. A variety of different mechanisms 

can be disrupted ranging from the activities of professional phagocytes, the chemokine and 

cytokine network, complement cascade and cell signalling etc. By disrupting these processes, 

the bacterial population becomes unaffected by these specific defence mechanisms, thereby 

allowing further bacterial propagation to occur. Overall the combination of both direct and 

indirect mechanisms result in increased dermal damage, which not only intensifies the speed 

of deeper dermal penetration, but also increases the susceptibility of the body to deep tissue 

infections, thus leading to higher chances of sepsis occurring.    

 

4. Topical antibacterial interventions 

The pathogenic colonization of impaired cutaneous tissue is one of the most common processes 

that lead to the further escalation of pathologies associated with wound infection. Such 

infections can escalate leading to the development of further complications such as septic 

wounds, which can affect the mortality of the victim and peripheral neuropathy stemming from 

the infection of the nervous system. To prevent the development of such complications, various 

topical antibacterial methods have been developed and explored, such as topical antibiotics, 

topical biocides and nano-metals which together display a wide range of antibacterial effects.  

4.1 Antibiotics 

Antibiotics are a common method used to combat bacterial infections, either by the use of 

bactericidal or bacteriostatic effect. Commonly used antibiotics for wound healing include 

mupirocin, fusidic acid, neomycin, bacitracin, polymyxin B and retapamulin. The general 

consensus regarding the benefits of antibiotics is the fact that they can used as a preventative 

measure pre-infection and can also be used post-infection. They are generally fast acting and 

can be used to eliminate a vast range of bacterial strains. Although the effectiveness of each 

antibiotic is dependent on the bacterial strain that it is applied to, the primary issue lies with 

the development of bacterial resistance which develops as a result of increased antibiotic use 

leading to further reductions in antibiotic efficacy.  Other major problems associated with 

antibiotic use, reported by Yang et al. is the weakening of the immune system and the reduction 

of antibiotic efficacy as a result of the remodelling of the metabolite environment [18]. Some 

other side effects associated with antibiotic use include, the patients’ innate bio-incompatibility 

with specific antibiotics which may lead to unwanted immune reactions, or fungal infections 

as result of the elimination of beneficial bacteria causing pathogenic homogeneity of specific 

fungal species and its interactions with certain medications. In regards to the topical application 

of antibiotics, the collective efficacy of all commonly used topical antibiotics covers the main 

spectrum of cutaneous microbiota. Based on the overall outlook of antibiotic use, it is clear that 
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this is not a sustainable long-term method as the global consumption of antibiotic is increasing 

which leads to worldwide problem of gradual antibiotic resistance [19]. 

4.2 Topical biocides  

Topical biocides represent an alternative method for cleansing of topical microbiota. 

Antibiotics and biocides both function via the inhibitive targeting of key cellular processes 

leading to bacterial death, however certain mutated strains may survive resulting in successful 

reproduction and therefore the subsequent transfer of mutational resistance. Unlike antibiotics, 

biocides are not strictly regulated, leading to concerns over possible developments in biocide 

resistance. In essence the main difference between antibiotics and biocides is in the regulatory 

framework that governs its distribution, coupled with the fact that antibiotics are typically 

derived from natural sources, whilst biocides are derived from synthetic sources. The 

applications of topical biocides generally follow a wider spectrum of use, ranging from 

personal hygiene products to surface disinfectants, whilst antibiotics are primarily for restricted 

medical use only. Topical biosides commonly used include chlorhexidine, triclosan, povidone-

iodine, alcohol and hydrogen peroxide. 

4.2 Bacteriophage therapy  

Bacteriophages are a type of specialised virus which parasitizes bacteria via the injection of 

viral nucleic acids. The mechanism of bacteriophages follows two distinct pathways which 

both stem from the initial injection of the viral chromosome, as shown in Figure 3. One of these 

pathways is passive in nature, involving the incorporation of viral chromosomes into the 

genome of the host bacteria, where it lays dormant. From this point the integrated viral 

chromosome either replicates in parallel with the host or detaches from the host genome which 

may then lead to the next bacteriophagic pathway. This pathway follows the multiplicative 

replication of the viral chromosomes resulting in a build-up of more newly formed 

bacteriophages within the bacteria. Once the number of viral copies exceeds the maximal 

capacity of the bacterial cell, lysis of the host cell wall then occurs, releasing all of the newly 

formed bacteriophages, leading to the repeat of the bacteriophagic cycle. Benefits with regards 

the use of bacteriophages include its specificity of parasitism, targeting only bacteria whilst 

ignoring animal and human cells. The specificity of bacteriophages is also more particular than 

antibiotics, targeting bacterial flora that fall within set parameters which result in the 

termination of specific pathogens, leaving commensal bacteria to freely replicate. As 

bacteriophages are highly specific, mixtures of bacteriophage cocktails are typically applied to 

ensure the complete elimination of all targeted bacteria and their associated subspecies.  

4.3 Monoclonal antibody therapy 

Monoclonal antibodies (mAbs) are specifically engineered antibodies for immunotherapy that 

are purely homogenous in regards to their diversity. Antibacterial mAbs are developed with 

the intention of either killing the bacteria or halting its pathological processes, whereby the 

mechanism of action is determined by a variety of different parameters including the 

characteristics of the target, its associated pathology and the structure of the mAbs.  One of 

these methods for the negation of bacterial pathology follows the neutralisation of exotoxins 

produced from bacterial activity, whereby the mAbs bind to the exotoxin thus forming a 

complex, which then gets removed by the reticuloendothelial system. Other methods include 

opsonophagocytosis which is the induction of phagocytic engagement by mAbs, direct lysis of 

the bacterial body via the binding of mAbs, etc [20]. Commonly used monoclonal antibodies 

used for wound management are raxibacumab, obiltoxaximab and bezlotoxumab. 
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Issues arising from the use of antimicrobial mAb therapy include the obstacles associated with 

the selection of pathogenic targets as the primary objective typically involves the mAbs binding 

onto the exotoxins or to the bacterial surface antigens. This binding problems involves the outer 

membrane proteins (OMPs), where these OMPs are masked by exopolysaccharides thus 

preventing antibody binding [49]. Other issues include the problem of bacterial resistance 

against mAbs, which despite its distinctive antimicrobial mechanisms, is still affected by the 

bacterial defensive mechanisms developed after extensive periods of evolution. Such defensive 

mechanisms include the production of proteins that neutralise antibodies via binding and the 

secretion of degradative proteinases that degenerates the mAbs, leading to its loss of function 

[20].  

4.4 Nano-metal therapy  

Nano-metals and nano-metal oxides offer great flexibility in regards to their modifiability, 

which allows them to be attuned for specific antibacterial activities. The flexible nature of 

nano-metals and nano-metal oxides are represented by their antibacterial efficacy which is 

associated with the changes in morphological size, shape and roughness, as well as the zeta 

potential, functionalization and its synergy when combined with other nano-metals. Based on 

the different variations of these parameters, the efficiency of the antibacterial mechanism can 

be altered, allowing the nano-metal to be tailored to a specific situation such as its usage against 

bacterial films. The current antimicrobial nano-metal and nano-metal oxides used for wound 

management are silver [21], gold [22], copper [23], aluminum oxide [24], calcium oxide [25], 

cerium oxide [26], copper oxide [27], magnesium oxide [28], silver oxide [29], titanium 

dioxide [30], yttrium oxide [31] and zinc oxide [32]. 

4.4.1 Mechanism of action of nano-metals 

The primary mechanism associated with the antibacterial properties of nano-metals is the 

release of reactive oxygen species (ROS), in which hydrogen peroxide, hydroxyl radicals, 

singlet oxygen and superoxide anions are the most prominent naturally occurring species. The 

oxidation reaction of these oxidative species with specific cellular matter, such as proteins, 

nucleic acids and lipid membranes can accumulatively degrade the vital physiological 

functions of the bacterial cell, as shown in Figure 4, thus leading to cell death [50]. The 

oxidative stress resulting from the accumulation of ROS affects a variety of different structures 

including the genotoxic degradation of DNA, mRNA, ribosomes, inhibition of signalling via 

the dephosphorylation of the phosphotyrosine residues and the dysfunction associated with the 

degradation of membrane proteins, including ion channels and receptors which leads to 

bacterial membrane damage and therefore increased permeability [29]. The general consensus 

regarding the effects of ROS is that the higher the concentration of ROS, the higher the severity 

of cellular damage to the internal and external architectures of the bacterial body, which in turn 

affects the biochemical cascades, leading to overall loss of function.    

Electrostatic interactions induced by the metal cationic core can also inhibit bacterial activity 

via the disruption of the cellular membrane. Electrostatic attraction occurs between the metal 

cation and the negative charge on the bacterial surface, which is due primarily to the presence 

of carboxylic groups. This results in the increased adsorption and bonding of metal cations onto 

the cell membrane surface, disrupting the organisation of the cell wall which lead to changes 

in the permeability and structural integrity of the bacterial cell membrane. Eventually, the 

accumulation of cations increases the membrane permeability to the point in which the 

structural integrity of the membrane is below the threshold needed for the bacteria to retain its 

cellular contents, thus resulting in gradual loss of key cellular substances that are needed to 

maintain the vitality of the bacterial cell.      
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Disruptions to proteins and enzyme cascades are not only affected by ROS but are also affected 

by the catalytic increase in protein-bound carbonyls resulting from the interactions between 

amino acids and the metal cations. These interactions primarily revolve around the metal 

coordination bonds that occur via the reaction of the metal cation with the thiols, disulphide 

bridges and other sulphur functions that exist within the protein’s secondary, tertiary and 

quaternary structures [33]. The formation of reversible sulphur-metal complexes lead to 

temporary structural changes in the overall folding pattern of the protein, preventing the 

conformational binding of substrates, thus leading to the deactivation of the enzyme and its 

accompanying biochemical cascades.  

 

4.4.2 Factors affecting the antibacterial activity of nano-metal and nano-metal oxides  

The morphological parameters of nano-metals and nano-metal oxides are an important factor 

which influence its interactions with bacterial bodies, as well as its release of ROS. The effects 

of size on antibacterial efficacy generally indicate that smaller nanoparticles (NPs) have an 

increased probability of contacting and bypassing through the bacterial membrane, due to 

increased surface area to volume ratio [53]. Changes in NP size can also affect the output of 

metal ions, which depending on the type nano-metal can be cytotoxic, i.e. the smaller the size 

of CuO the larger the increase in copper cations, resulting in higher levels of toxicity [34]. 

 

The physical shape of the nano-metal is an important factor, affecting its ability to interact with 

the bacterial membrane, as well as the generation of ROS. A variety of shapes can be formed, 

including nanocubes [35-37], nanospheres [37,38], flat nanosheets [39], nanorods [40-42], 

nanoclusters [43-45] and nanoprisms [46] which all produce different levels of antibacterial 

effect. Alshareef et al, tested the antibacterial efficacy of copper nanospheres and nanocubes 

against the gram-negative strain Escherichia coli and the gram-positive strain Enterococcus sp. 

Tests demonstrated that both copper nanospheres and nanocubes were effective against both 

gram positive and negative strains, however the nanocube morphology had the greatest 

antimicrobial effect, which suggests that the cubic profile resulted in higher levels of reactivity 

against the bacterial strains [37]. Zhang et al created a composite nanosheet comprising of 

polydopamine-graphene nanosheet-nanosilver, for antibacterial testing against gram-negative 

Escherichia coli and gram-positive B. subtilis. Results from the experiment indicated the 

positive inhibition of bacterial growth for both gram-negative and gram-positive strains, thus 

confirming the synergistic effects of graphene nanosheets and nano-silver against bacteria [39]. 

A study conducted by Mahmoud et al, investigated the antibacterial effects of gold nanorods 

(GNRs) on the gram-positive strains Propionibacterium acnes and Staphylococcus aureus. The 

GNRs were bound to different polymers to form the complexes polyacrylic acid-GNR, 

polyethylene glycol-GNR and polyethylene glycol-cystamine-GNR, which were then mixed 

with bacterial growth media to determine the minimum inhibitory concentration (MIC) and 

minimum bactericidal concentration (MBC). The results indicated that GNRs showed promise 

for the inhibition of the bacterial strains, however further research is needed [40]. Sibidou et al 

conducted research on the effects conjugated gold nanoclusters for antibacterial purposes. This 

method utilizes gold nanoclusters which can be easily conjugated with numerous molecules, 

allowing the successful transport of antimicrobial substrates into the bacterial body, thus 

increasing the overall bactericidal effect. Different complexes were made using 6-

mercaptohexanoic acid (MHA) as the conjugate substrate resulting in MHA-Au nanoclusters 

(NC), MHA-AuNP and MHA-Au(I) which were then tested against S.aureus to determine their 

antibacterial efficiency [43]. Based on the results of the experiments, it was deduced that MHA-

AuNCs were the most effective form of nanogold, with the highest bactericidal efficiency of 

approximately 95%, whilst MHA-AuNP was approximately 3% efficient and MHA-Au(I) 

approximately 5% efficient.          
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Nanoparticle roughness is a physical parameter that is generally lacking in terms of research, 

however experiments conducted by Rizello et al. deduced a substantial response of E. coli upon 

contact with nanostructured gold with an approximate roughness of 100 nm [47]. Results 

indicated the occurrence of topographically specific physiological responses by E. coli, 

whereby the surface topography of the nanogold triggered the upregulation of genes associated 

stress, when compared to a flat surface. Particle roughness is not only capable of inducing a 

physiological response in bacteria but can also cause direct physical damage to the membrane. 

This occurs via the shear force generated by the movement of the bacterial body whilst adhered 

to the nanoparticle, leading to the occurrence of a physical tear in the bacterial membrane [48]. 

In general, the surface roughness determines the level of bacterial adhesion that occurs, where 

the increase in roughness correlates to an increase in surface area, thereby promoting the 

increased adsorption of bacterial proteins which leads to an overall decrease in the levels of 

bacterial adhesion [49]. 

The zeta potential is a measure of the electro-kinetic potential that exists between the 

boundaries of the physical and liquid state. The zeta potential of a nanoparticle is a key factor 

which influences the electrostatic attraction between the metal cation and the negative charge 

that exists on the bacterial membrane surface. In general, the zeta potential of the bacterial 

surface is in the negative mV range, with gram-positive bacteria having a slightly higher 

average mV value than their gram-negative counterparts [50]. Due to the difference in zeta 

potentials between the bacterial surface and the cation, electrostatic attraction occurs leading 

to the penetration of cations, resulting in the subsequent production of reactive oxygen species 

(ROS) as well as protein degradation via direct contact with the cation. The zeta potential of 

the nanoparticle also determines the stability of the colloidal suspension, whereby a more 

extreme zeta potential value results in higher levels of colloidal stability. The general consensus 

regarding the colloidal stability of nanoparticles follow the fact zeta potential values above +30 

mV and below -30 mV provide increased stability, whereas values within the +25 mV to -25 

mV range will start to cluster over time [51]. Variable nanocomposites made using different 

nanometals can provide synergistic effects surpassing the efficacy of homogenous nanometals, 

such as the zinc oxide-silver (ZnO-Ag) nanocomposite which has higher antibacterial efficacy 

than ZnO NPs as a result of the increased interactions between the nanocomposite with both 

gram-positive and gram-negative bacteria [52]. External conditions have also been documented 

to affect the antimicrobial properties of various nanometals and nano-metal oxides. In general, 

the increase in temperature stimulates the production of ROS by increasing the thermo-kinetic 

activity between the electrons and oxygen, resulting in increased interaction which in turn 

increases the antimicrobial efficacy of the NPs. pH is also an important external factor, which 

in the case of ZnO NPs result in increased antimicrobial activity when the pH range is 

approximately between pH 3.5-5.8, leading to increased adhesion of the NPs to the bacterial 

surface [53].   

4.4.4 Nano-metal skin permeability 

For the specific purposes of cutaneous wound regeneration, antimicrobial nano-metals should 

be applied in a topical manner, therefore investigation is required into the factors affecting the 

cutaneous permeability of nano-metals. It is important that such factors are to be investigated 

as highly permeable nano-metals can bypass specific cutaneous layers, leading to the systemic 

circulation and accumulation in specific organs which may lead to detrimental toxicity. As the 

characteristics of nano-metals vary greatly from one another, it cannot be assumed that 

different nano-metals with identical particle sizes will produce similar cutaneous permeability 

results. As a comparison, Gontier et al. demonstrated that titanium dioxide (TiO2) nanoparticles 
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between 20-200 nm could not penetrate through the SC of human skin [54], whilst Larese et 

al. demonstrated that silver NPs of 25 nm size were capable of penetrating the upper limits of 

the human epidermis [55]. For some nano-metals such a nanogold, the relationship between 

particle size and permeability indicate that the permeability coefficient increases as a function 

of decreasing particle size, which in turn results in greater cutaneous penetration [56].  Based 

on the evaluative data procured by Larese et al. the general consensus indicates that nano-

metals below 4 nm can penetrate through healthy epidermis, 4-20 nm can penetrate through 

damaged epidermis and possibly through health epidermis, 21-45 nm can only penetrate 

through damaged skin, whilst >45 nm cannot penetrate through skin [57]. The shape of the 

nanometal also plays a role in the permeability of the nano-metal, which in the case of 

nanosilver follows the triangular, rod-shaped and spherical morphologies. Based on 

experiments conducted by Tak et al. the in vivo mouse skin penetration results indicated that 

rod shaped nanosilver had the highest degree of permeability, leading to a blood-silver plasma 

concentration value that is double that of the value observed with spherical nanosilver and also 

the silver nanorod density was approximately eight times higher than that of the spherical nano-

silver. On the contrary, triangular shaped silver nanoparticles possessed the lowest blood 

concentration and the lowest density values when compared against both the rod shaped and 

spherical shaped particulates [58].         

 

5. Enhancement of natural regeneration 

Four standard processes are associated with the natural regenerative pathway of human 

cutaneous tissue. These four processes occur in the order of haemostasis, inflammation, 

proliferation and maturation, where each of these processes overlap with the preceding 

processes. Haemostasis follows the six chronological mechanisms of platelet plug formation, 

adhesion of platelets, activation of the platelets, aggregation of the platelets, activation of 

intrinsic and extrinsic coagulation cascades, as well as clot resolution. The initial formation of 

the platelet plug begins after immediate vasoconstriction, which leads to the agglomeration of 

platelets on the sub-endothelium surface, resulting in the formation of a fibrin mesh. Blood 

then begins to increase in viscosity as a result of procoagulants which result in clot formation, 

trapping more platelets and blood cells in the process, thus preventing further blood loss. The 

next stage is inflammation which involves the mass localisation of leukocytes and transudate 

which helps to regulate bleeding and prevent further infection. The gathering of transudate at 

the site of injury supplies the necessary components to promote cellular repair, whilst the 

leukocytes remove foreign debris, pathogens, as well as damaged cells. After the inflammation 

stage is the proliferation stage which follows the resynthesis of cutaneous tissue, restoration of 

vasculature and the closure of the site of lesion. The resynthesis of tissue in the case of the 

epidermis involves the activation of the pericytes found in the SB which can differentiate into 

the necessary cell types. Granular tissue then begins to form via the increase in the proliferation 

of fibroblasts which leads to the increase in interferon-beta and chemostatic factors. This then 

stimulates cellular migration, as well as the synthesis of collagen and elastin, resulting in 

gradual repair of the ECM [59]. The restoration of vasculature follows the angiogenic 

mechanisms of both cell division and germination to produce collateral veins which then get 

remodelled into the necessary blood vessel [60].  The closure of the lesion revolves around the 

mechanism of contraction produced by myofibroblasts which are attached to the periphery of 

the lesion, thus gradually reducing the size of the wound. The final stage is maturation which 

involves the mass remodelling of the ECM at the site of injury. Various processes occur 

including degradation, reorganisation and synthesis to achieve maximal tensile strength 

coupled with the restoration of normal tissue function where possible. In this stage, collagen-
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III is converted into collagen-I and any cells that are no longer required are removed by 

apoptosis. The collagen that is applied in the proliferation stage is unaligned, resulting in scar 

tissue with low elasticity, however water is reabsorbed into the scar allowing the collagen to 

realign in parallel before the cross-linking process occurs. This realignment and cross-linking 

reduces the thickness of the scar and increases the tensile strength of the scar; however, the 

overall tensile strength of damaged skin is still weaker than that of healthy unimpaired skin.  

The four stages that are involved in cutaneous regeneration are complex in nature and can be 

considered as fragile weak points, given that any disruptions to these processes can result in 

chronic wounds and thus the prevention of complete regeneration. However, the processes that 

constitute to the four stages of wound recovery can also be targeted for regenerative purposes 

by improving the rate of recovery via the introduction of different factors and compounds, thus 

allowing a certain degree of control over the final state of the scar tissue. 

5.1 Compounds promoting cutaneous regeneration 

The induction of pathological damage to cutaneous tissue activates the four stages of natural 

regeneration, which can be targeted to promote greater efficacy in cutaneous healing.  

Within the process of cutaneous regeneration, growth factors are secreted to promote specific 

effects in accordance to the stage of cutaneous healing, i.e. the release of granulocyte 

macrophage colony stimulating factor (GM-CSF) in the inflammatory phase to promote 

improved inflammatory effects, or transforming growth factor beta (TGF-β) in the proliferative 

phase to enhance the migratory and proliferative capacity of keratinocytes, Table 1. It should 

be noted that there is not one specific growth factor that is associated with a particular 

regenerative phase, as the effects of a singular growth factor is limited, but instead relies on a 

combination of specific growth factors that work in tandem to achieve the desired physiological 

effect.  The application of different combinations of growth factors can be synergistic in nature, 

thus improving the overall efficiency of natural cutaneous regeneration. This can also serve as 

a way of modulating the expressions of specific growth factors, such as in the case of 

connective tissue growth factor (CTGF) and TGF-β, where TGF-β mediates the downstream 

expression of CTGF [61]. The benefits of cutaneous application allow for the localised 

absorption of the growth factor or regenerative compound at the site of injury, whilst avoiding 

the possible disadvantages and negative impacts associated with systemic absorption. The 

disadvantages of systemic absorption not only involve the reduction in the possible efficacy of 

the compound via the decrease in concentration below the therapeutic threshold, but can also 

lead to the build-up of the compounds in unwanted locations, i.e. in the liver, stomach and 

brain, where it may cause organ degeneration. Based on this, it is also important to ensure that 

the topical application of the compound strictly results in topical absorption only and does not 

encroach upon systemic absorption. An example of a growth factor that is beneficial when 

absorbed locally and detrimental when absorbed systemically is epidermal growth factor 

(EGF), where its cutaneous absorption can stimulate epithelial regeneration, fibroblast 

migration and keratinocyte dedifferentiation, but its systemic absorption can result in enhanced 

growth of existing tumours [60]. A large variety of different growth factors exist as a way for 

the body to tailor the specific development of different bodily aspects, however for the purposes 

of this review, the focus will be on the specific growth factors associated with cutaneous 

regeneration.  

As shown in Table 1, such cutaneous growth factors are necessary for wound regeneration, 

whereby the process of topical application can increase the concentration of such factors 

beyond the natural output generated by the body, thus increasing the rate of wound healing. 

For such reasons, platelet rich plasma (PRP) have been researched as they contain a variety of 

growth factors needed to accelerate wound healing. Another reason for the increasing interest 
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in PRP follows its ease of obtainability and low cost, which requires the simple procedure of 

centrifuging a patient’s blood sample, separating the blood into different layers of density with 

poor-platelet plasma being the lightest, which is discarded, then the PRP which is kept and 

finally the red blood cells which are most dense at the bottom of the centrifuge tube. Despite 

the various benefits, PRPs lack a standardised production protocol, leading to variations in 

product quality and content which occur as a result of negligible analytical characterisation. In 

spite of such problems, the general consensus reports an overall positive impact of PRPs in 

wound regeneration, especially in the case of human chronic wounds such as diabetic ulcers 

[78]. 

Growth factors represent a key target for enhancing cutaneous repair, however naturally 

derived compounds also serve as a viable alternative for improving cutaneous regeneration and 

are also relatively accessible, Table 2. These naturally occurring substances have shown 

positive results in regard to enhancing wound regeneration and as of such have received 

attention in terms of their research and development. Despite the successes associated with 

these naturally derived compounds, characterisation of the active therapeutic ingredient can be 

difficult, especially in the case of naturally derived sources that contain a vast quantity of 

substances which may be therapeutically active. Such an example would be aloe vera which is 

composed of oxidases, amylases, catalases, oxidases and minerals including calcium, copper, 

chrome, magnesium, zinc, vitamins B1, B2, B6, C and E [90]. 

Overall the inclusion of such regenerative substances can be seen as a supplementary method 

for enhancing the natural regenerative capabilities of the body. By understanding the specific 

roles played by each growth factor, alterations can be made to specific healing mechanisms, 

thus improving the quality of regeneration via the increased supply of a specific growth factor, 

or by the inhibition of a specific factor, i.e. inhibition of Interleukin-1 to increase the 

upregulation of M2 macrophage for improved healing. The complementary supply of 

additional growth factors will typically increase the rate of recovery by decreasing the duration 

of time spent within a certain regenerative phase, however the maturation phase can span 

between 3 weeks to 12 months [91] and it is this phase which determines the final outcome of 

the scar produced by the wound healing process.  

5.2 Scar formation and Scar free healing  

Scar tissue exists as a product of several predetermined biophysiological mechanisms that are 

innately triggered as a result of wounding, followed by the subsequent recovery phase which 

produces a tissue that is primarily composed of fibrillar collagen generated by the 

myofibroblasts.  The initial wound healing mechanism that contributes to the lack of elasticity 

in scar tissue is the maximal upregulation of fibroblasts, coupled with the formation of 

randomised collagen matrices that occur during the proliferation phase.  Another contributing 

factor follows the inward proliferation of keratinocytes from the inner periphery of the wound 

area, resulting in a wound matrix without an elastic fibre network [92]. The maturation phase 

also contributes greatly towards to the outcome of the scar tissue, whereby the mechanisms 

leading to fibroblast reduction, coupled with collagen matrix production and degradation 

ultimately determine the final physical parameters of the scar.  

Other factors affecting scar formation include the area in which the wounding event occurred 

and its associated skin tension. The occurrence of laceration wounds in areas of high skin 

tension will lead to further tears at the periphery, leading to increased collagen deposition 

thereby resulting in a hypertrophic response which creates aesthetically unwanted hypertrophic 

scars [93]. Areas of the body that are susceptible to such hypertrophic scarring include the areas 

of skin covering the extensor joints, which include area above the shoulders, knees, forearms, 
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phalanges etc. Conversely speaking areas that are under the least tension have the lowest 

chance hypertrophic scar formation. The actual mechanism of hypertrophic scarring exists as 

a by-product of certain genetic or environmental factors which interfere with the signalling 

cascade associated with collagen synthesis, preventing the activation of the “stop” signal, 

which results in a positive feedback loop leading to continual collagen synthesis. This process 

of continual collagen synthesis within the bounds of the wound perimeter is classified as a 

hypertrophic scar, which is also characterised by raised scar tissue that can regress over time. 

The continual production of collagen beyond the scope of the wound area is classified as a 

keloid, which unlike its hypertrophic counterpart, does not regress with time and can be 

characterised by thick nodular bundles of collagen [94].  

Another parameter that affects the quality of scar formation include the density of blood supply, 

whereby a richer blood supply leads to a higher quality scar. The absence of an adequate blood 

supply can negatively impact the recovery speed and quality of regeneration, as the lack of a 

good blood circulation can result in the deterioration of the regeneration process leading the 

formation of chronic wounds. This simply follows the hierarchal organisation of the cutaneous 

tissue, whereby the epidermal layer does not have its own blood supply, instead relying on the 

transportation of nutritional substrates by diffusion through the dermal-epidermal junction. In 

a situation where the dermal blood flow is significantly reduced, the supply of the necessary 

growth factors will be below the demand threshold, leading to extended periods of time spent 

within the regenerative phase, which result in delayed cutaneous repair.    

To understand the necessary prerequisites needed to achieve scar free regeneration, it is vital 

to understand the processes of foetal wound regeneration which does not follow the 

conventional four steps of standard adult wound repair. Unlike its conventional counterpart, 

foetal wound regeneration does not form any scar tissue, does not involve the contraction of 

wounds, does not form granular tissue and does not result in the accumulation of ECM. Another 

big contrast is that foetal regeneration restores lost follicles and sweat glands unlike adult 

cutaneous regeneration [95]. Since foetal wound regeneration restores the area of injury to its 

pre-injured state, it can be considered a form of true regeneration as the original functions and 

properties of the cutaneous architecture are restored. The key discrepancies regarding the 

mechanisms that result in the specific restorative capability of foetal regeneration follows the 

differences in cellular response and its associated release of growth factors. Adult wound 

regeneration relies on the stimulation of the mature immune system to upregulate the 

appropriate cells such as macrophages, mast cells and neutrophils which contribute to scarring, 

however its foetal counterpart, with a less developed immune system, does not upregulate these 

specific cells to the same degree. Within the foetal system, these cells are also less 

differentiated, which when coupled with their reduced numbers, do not produce the same level 

of causative efficacy when compared to the adult system. The production and retention of the 

proinflammatory cytokines IL-6 and IL-8 are also quite different between adult and foetal 

regeneration, where both cytokines are retained for a significantly shorter period of time in the 

foetal stage than in the adult stage. Conversely the upregulation of the anti-inflammatory 

cytokine IL-10 is higher and further retained in foetal regeneration which prevents the intrusion 

of macrophages and neutrophils, thus inhibiting the formation of scars. This is also further 

emphasised by the difference in the nature of the physiological response undertaken by both 

adult and foetal wound processes, whereby the contraction of wounds is absent within foetal 

regeneration. Unlike its adult counterpart, foetal systems do not heavily upregulate positive 

smooth muscle actin alpha, which is needed for the contraction of myofibroblasts, therefore 

resulting in non-existent wound contraction. Within the foetal regenerative process, the natural 

characteristics of the upregulated fibroblasts are different from their adult counterparts. Foetal 

fibroblasts not only migrate faster towards the wound area than their adult counterpart, but also 
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produce an ECM that has the architecture and tensile strength comparable to that of developing 

skin [96]. This foetal ECM has a different compositional structure compared to its adult 

equivalent, where the levels of collagen III and hyaluronic acid are significantly higher. In the 

adult ECM, collagen III only comprises of 10-20% of the total collagen population, however 

within the foetal ECM, collagen III represents 30-60% of the total collagen population. Other 

differences between adult and foetal wound regeneration include the upregulation of proteins 

associated with cellular adhesion, which include fibronectin and tenascin, which accelerates 

the migration of reparatory cells leading to scar free regeneration.   

 

6. Polymeric wafers in wound management 

Polymers have been heavily researched as both a scaffolds for regenerative medicine and for 

the purposes of drug release. For the aspect of wound regeneration, there are a variety of 

different prerequisites that need to be met before the polymer can be taken into consideration 

as a candidate. Such requirements include the need of high biocompatibility, good photo and 

thermal stability, non-cytotoxic pre and post degradation, structurally adequate and most 

importantly needs to be fit for purpose.  In terms of the current applications of polymers within 

the field of regenerative medicine, various different aspects have been explored, including the 

aspect of antimicrobial applications, where polymer wafers are doped with nano-metals to form 

a polymer-nano-metal composite. One of the most popular composites is the nanosilver 

polymer composite which has been reported to have high antibacterial performance [97-99], 

other well reported antimicrobial nano-metal polymer composites include copper [100-102] 

and gold [103,104].  Other aspects of polymer usage include its application in wound healing 

[105]. In the aspect of wound healing, the priority of large-scale polymer architectures is for 

the maintenance of a suitable environment that can facilitate enhanced healing, modulation of 

wound biomechanics, whilst providing protection from contaminations and infections. For this 

reason, different factors such as gas permeability, porosity, fluid absorption capacity and 

density need to be accounted for, as they will affect the ability of a large-scale polymer structure 

to effectively retain the optimal conditions for wound healing.    

6.1 Types of polymers 

6.1.1 Natural polymers  

Natural polymers are generally well considered for their use in biomedical applications as their 

innate characteristics do not typically stimulate any disadvantageous immunological responses 

and do not produce any cytotoxic metabolites as a result of degradation. Whilst these 

advantages are highly regarded, the natural properties of such polymers also pose a limit in 

regard to their process-ability and solubility, leading to problems associated with to low 

thermal stability and high solubility when compared against their synthetic counterparts. 

Despite such problems, natural polymers are frequently used in the application of bioactive 

wound dressings which take advantage of the natural polymer’s role within the body’s 

biomechanics, thereby improving the efficiency of wound regeneration, as well as helping to 

incorporate varying degrees of antimicrobial effect. As depicted by the various properties, 

advantages and disadvantages listed in Table 3, the overall physiological effects are positive in 

general, thus leading to their specific usage within wound healing applications such as wound 

dressing and drug delivery. 
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6.1.2 Synthetic Polymers 

Synthetic polymers designed for wound healing are generally hydrophobic but are chemically 

and mechanically superior to their natural counterparts, leading to extended viability as a result 

of high durability coupled with reduced rates of degradation. Synthetic polymers dressings for 

wound regeneration can be categorized into passive and interactive types, whereby passive 

polymer dressings are non-occlusive in nature allowing the possible penetration of pathogens, 

however the main function of the passive dressing is to simply restore function to the wound 

beneath the dressing. On the contrary, interactive dressings are fully occlusive or semi-

occlusive, thereby proving protection in the form of a physical barrier that prevents pathogenic 

penetration [122].  The advantages of using semi-occlusive dressings follow the semi-

permeable nature of the polymer macrostructure, allowing for the gaseous transfer of oxygen, 

carbon dioxide and water vapour, which creates an environment that supports the engagement 

of autolytic debridement. Autolytic debridement follows the selective lysis of damaged tissue 

by the secretion of immunological enzymes which do not affect healthy tissue and is generally 

most effective when the environmental humidity is high, thus requiring fully/semi-occlusive 

dressings [123].  In spite of the various benefits provided by synthetic polymers, the majority 

are seldom used by themselves and are instead combined with other synthetic or natural 

polymers to produce a composite that is superior to its constituents. The main synthetic 

polymers used are poly(ethylene glycol) [124-126], poly(vinyl alcohol) [127-129], poly(vinyl 

pyrrolidone) [130,131], poly(lactic acid) [132-134], poly-ε-(caprolactone)[132,135,136] and 

poly(urethane) [137,138]. 

Comparison between both synthetic and natural polymers, indicate that synthetic polymers offer superior 

physical characteristics and significantly higher tensile strength, leading to decreased rates of degradation 

and increased thermal stability. Despite having superior physical properties, they are generally less 

biocompatible than their natural counterparts and display a hydrophobic nature which is the opposite of 

natural polymers. Natural polymers on the other hand offer superior biocompatibility, coupled with 

bioactive characteristics as the breakdown of specific natural polymers are beneficial in enhancing the 

proliferative efficacy of the body, i.e. HA and collagen. The main disadvantage when compared to 

synthetic polymers is the fact that they are generally weaker in terms of their mechanical strength and their 

stability, thus leading to higher rates of degradation. The creation of synthetic-natural composite polymers 

typically alleviates the disadvantages posed by the constituent polymers, whereby the composite can be 

created in such way that only the beneficial characteristics are imparted from the constituents, leading to 

a product with superior mechanical and biological properties. In specific examples such as PLA, its 

excessive mechanical strength result in it being brittle, so by combining it with other polymers, the 

properties leading to brittleness are diluted down, thus only imparting the beneficial mechanical 

advantages without the presence of any notable drawbacks. In most cases, the creation of hybrid polymers 

requires an optimal ratio of natural-synthetic polymer constituents, which allows the biophysical 

properties of the resulting matrix to be fine-tuned for to its intended application. While the biomedical 

utilization of both natural and synthetic polymers as wound dressings is undoubtable, one inherent issue 

is its scalability towards mass manufacturing. As these wound dressings are designed for biomedical 

purposes, the quality requirements must be highly stringent, which leads to a variety of challenges that 

need to be met prior to mass production. In terms of quality assurance, the main issues revolve around the 

initial sourcing of the reagents at the input stage, followed by the synthesis stage and the output stage. The 

initial sourcing of reagents generally dependent on the supplier, whilst the synthesis and output stage lies 

with the manufacturer. In both instances rapid screening of the material is necessary to ensure that the 

product reaches a satisfactory level of quality. Although this generic requirement can be applied towards 

all wound dressing manufacturing processes, certain polymers such as poly(ethylene glycol) require 

cytotoxic cross linkers, leading to additional screening stages for the presence of cytotoxic compounds in 

the synthesis and output stage. Failure to meet such stringent standards can lead to the recall of the products 
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from the public, which not only causes socioeconomic distrust and financial loss, but can also lead to 

cytotoxicity induced pathologies. Following the mass recall of defective products, the next stage may 

involve the readjustment of the manufacturing process, which is an extremely difficult due to the inherent 

inflexibility of the manufacturing system to adapt to changes in its intrinsic processes. Depending on the 

changes that need to be applied, the economic burden can range between a minor loss in annual revenue 

to the complete liquidation of the manufacturing company. Adjustments to the early stages of the 

manufacturing process have the largest cumulative effect on the manufacturing system, which may result 

in changes in the synthesis processes and reagents used, thereby leading to the greatest loss in revenue. 

Adjustments towards to later stages in the manufacturing process may simply require minor adjustments 

in its screening process, thereby resulting in the most minor loss in revenue. It should be stated that the set 

up and development of the mass production infrastructure needed is generally extremely expensive, so it 

is therefore necessary to minimise the total manufacturing stages where possible and to have developed a 

synthetic process with minimal room for error.  
 

6.2 Polymer synthesis methods  

Different methodologies exist for the fabrication of large three-dimensional polymer 

constructs, allowing for alterations to be made in regard to the construct’s physical 

characteristics and properties. Specific fabrication methods are utilised to imbue a certain set 

of desired characteristics into the polymer construct, thus creating a structure with a dedicated 

purpose. Regarding the choice in methodologies, some techniques are significantly more 

advantageous than others, potentially revolving around the factors of cost, ease of application, 

product cytotoxicity and the controllability over the parameters of the final product. The 

selection criteria for the most optimal synthetic method is influenced by the limiting factors 

that are established in regard to the desired parameter of the end product. An example of this 

would be the fact that non-cytotoxic product will typically not utilise any solvents that can 

affect negatively influence the biocompatibility and surface chemistry of the polymer 

construct. As the methodology needs to be tailored to the parameters associated with the end 

product, certain compromises are necessary to facilitate the successful fabrication of the desired 

product, leading to the potential use of high maintenance equipment, post-process wash steps 

to cleanse the product of toxic solvents and by products, or perhaps post-process surface 

modifications to adjust the biocompatibility and hydrophilicity to the necessary levels. The 

factors that determine the choice in fabrication methods include the controllability over the 

pore size, pore density, polymer density, the hydrophobic/hydrophilic characteristics, 

biocompatibility, cytotoxicity, mechanical strength, matrix characteristics, etc. Based on these 

factors, a synthetic method can then be chosen to best suit the characteristics of the final 

polymer product. These techniques include freeze drying [139], solvent casting [140,141], 

supercritical foaming [142,143], electrospinning [144-146], laser induced thermal gelation 

[147], 3D bio printing [148] chemical crosslinking [149,150] or physical crosslinking [150]. 

Each of which have their own discrete advantages and disadvantages which can be considered 

based on overall polymer requirements. 

6.2.1 Polymer composites 

The range of biophysical characteristics offered by synthetic and natural polymers are vast, 

however certain characteristics such as antibacterial activity are generally isolated to only a 

handful of specific polymers and does not generally manifest itself in the latter. To counteract 

this limitation, polymer composites were developed which allowed the imbuement of 

characteristics from the constituent polymers into the final multi-polymer structure. Typically 

speaking, natural polymers are blended with synthetic polymers to maximise the 

biocompatibility and physical properties which generally increases the efficacy of the 
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composite polymer. However, unlike non-composite polymers the synthetic methods are more 

complex and requires significant fine tuning to manifest the appropriate characteristics at the 

correct level. Different structural combinations can exist, ranging from a composite with 

alternating monomer units, a composite with a randomised monomer structure, a composite 

with a distinct homopolymer chain, etc. A variety of different methods exist for the synthesis 

of composite polymers, whereby each method produces a distinct polymer combination that 

allows for the manifestation of certain effects that can only attributed to structural configuration 

of the polymer blend. These include interpenetrating networks [151,152], semi-interpenetrating 

networks [153-155], graft polymerisation [156,157], and electrospinning [158,159]. 

6.3 Drug loading methods 

To maximise the medical efficacy of polymer products, drugs and other pharmaceutical 

compounds can be loaded into the polymer where it can then be released in a controlled and 

localised manner. Variations in the synthetic method can affect the final structure of the 

polymer matrix which ultimately determines the maximal loading capacity, as well as the drug 

release profile. Drug delivery systems typically follow three main loading methods which 

include covalent bonding, entrapment and permeation. Covalent bonding revolves around the 

covalent and physical cross-linking of the drug molecule onto the matrix structure of the 

polymer. The advantages offered by this method include the prevention of premature drug 

release and leakage, stimuli-triggered drug release and modifiable drug pharmacokinetics 

[160]. Entrapment revolves around the encapsulation of drug molecules via the gelation of the 

polymer matrix. The advantages offered by this method include sustained drug release 

capabilities and drug protection from external conditions [161]. Drug loading via permeation 

involves the passive saturation of the polymer matrix with the drug solution over an extended 

period of time. This extended period of permeation ensures the maximal saturation of polymer 

matrix but does not allow any form of control over the drug release profile. The main benefit 

of this method is the simplicity of drug loading, however since the drug release profile is 

uncontrollable, it is therefore unable to perform the sustained release of drug molecules. Other 

factors that affect the loading and release of drugs via polymer delivery include the size of the 

drug compound, polarity, the hydrophobic nature of the polymer and the synthetic method used 

to create the polymer, which governs the pore size and distribution.               

 

7. Priorities for efficient skin regeneration  

The general consensus regarding the key factors that contribute towards effective skin 

regeneration revolve around the aspects of antibacterial strategies, enhanced regeneration, 

control over the inflammatory phase, maintaining the skin’s moisture content and the regulation 

of the scarring process. Each of these various aspects offer a unique set of advantages that 

either help to facilitate the rate of healing, provide long term benefits or serve to enhance the 

quality of regeneration.  

7.1 Antibacterial strategies 

Antibacterial strategies serve as an inhibitory method for the prevention of bacterial 

proliferation and respiration. Inhibition of such activities help to not only reduce the total 

bacterial population but serve to drastically reduce the production of metabolic waste which 

can be cytotoxic depending on the bacterial strain. In general, the most efficient antibacterial 

methods are bactericidal in nature, as this not only prevents bacterial activity, but induces 

apoptosis or cell lysis. The most common method of inducing apoptosis follows the process of 

oxidative stress which occurs as result of the imbalance in the quantity of free radical species 
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within the bacterial body. Once the intake rate of free radicals exceeds the rate of release, the 

equilibrium shifts, resulting in the accumulation of free radicals that result in oxidative damage 

to the organelles within the bacteria. This then leads to self-induced apoptosis, which is a 

genetically driven form of self-preservation, thus preventing the proliferative distribution of 

damaged genetic material [162]. Cellular damage via free radical oxidation is a highly 

prominent antibacterial strategy for topical biocides such as hydrogen peroxide and nano-

metals.  

The incessant proliferation of bacteria within the confines of a wounded area can lead to the 

development of chronic wounds, which occurs as a result of continual inflammation. Persistent 

bacterial activity within the wound can lead to the accumulation of lipases and proteases which 

degrades the ECM, allowing the bacterial populace to penetrate further into the lower dermal 

layers. The subsequent increase in the spread of bacteria then triggers the immune response 

again, which further exacerbates the inflamed tissue, leading to a state of chronic inflammation 

which in itself can impair the facilitation of the healing phase. The inherent nature of chronic 

wounds not only imply the problem of diminished healing, but also the impairment of 

functionality for tissues and organs around its vicinity. The chronic cytotoxicity of the 

pathogens present in the wound is a summation of their biological processes, which include 

their excretions and by-products. Generally speaking, these by-products serve to increase the 

permeation and spread of the pathogen by enzymatically breaking down the structural proteins 

between surrounding tissues [16]. Infections can also damage surrounding structures within the 

wound such as the nerves which can cause neuropathy and may also reach deep enough to 

infect the underlying blood vessels resulting in sepsis. In regards to the physiological sensitivity 

of chronic wounds, it highly is dependent on the initial occurrence of the wound. Superficial 

wounds may lead to the exposure of nerve endings towards the external environment, however 

subcutaneous occurrences such as diabetic foot ulcers lead to neuropathy which damages the 

nerve endings, thus reducing overall sensitivity [163]. In the case of chronic skin wounds 

originating from a neuropathic subcutaneous origin, the patient may not realise the extent of 

the injury that has occurs. As of such once the visible signs of damage have surfaced on the 

skin, the underlying subcutaneous tissue may have already degenerated significantly, leading 

to the requirement of a more intensive treatment. On the contrary chronic wounds caused by 

external stimuli are generally more noticeable given the fact that they begin as an acute skin 

wound. The acute wound is generally more visible and have exposed nerve endings which 

gives the patient the visual and physiological stimulus needed to seek an appropriate treatment. 

Should the acute wound be diagnosed and treated appropriately, then it will not degenerate into 

a chronic wound, thus not requiring any further intensive treatments.   

The most common pathology associated with chronic wounds is sepsis, which occurs as a result 

of the bacterial colony penetrating through the dermal defences and into the blood stream, 

consequently leading to the migration of the bacterial populace throughout the body. This in 

turn leads to a large-scale immune response, causing full body inflammation and severe 

chemical imbalance throughout the body, which altogether can result in organ failure and death. 

Therefore, by prioritising the development of antibacterial strategies, such problems can be 

alleviated allowing the body to reallocate its resources to regeneration as opposed to 

inflammation.  

7.2 Accelerated regeneration  

Strategies associated with enhanced regeneration typically involve the augmentation of the 

proliferative phase and/or the maturation phase to promote increased rates of wound closure, 

as well as help to improve the overall quality of healing. Such strategies work by triggering the 

activation of growth factors associated with wound healing such as EGF, TGF-β, and bFGF 
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etc., which serve to stimulate the proliferation and migration of dermal cells for the purposes 

of re-epithelization. The speed of regeneration is a highly regarded aspect of wound healing as 

it minimises the duration of the proliferative phase, thus reducing the exposure of deeper more 

vascularised tissue, which if infected can quickly lead to the distribution of bacteria throughout 

the body. On the other hand, the quality of regeneration revolves around the maturation phase, 

which primarily follows the remodelling of the collagen matrix to achieve maximal tensile 

strength and the restoration of original function where possible. Unlike the proliferative phase 

which ends once the wound surface is covered by a keratinocyte monolayer, the remodelling 

phase is substantially longer, involving the continual degradation of randomly aligned collagen 

III, followed by its subsequent replacement with organised collagen I. The replacement 

collagen I molecules then align themselves in a parallel manner to form thicker more organised 

fibres thus increasing the tensile strength and elasticity whilst reducing the overall quantity of 

scar tissue. For the purposes in accelerating the speed of regeneration and the prevention of 

wound degradation, it is also necessary to ensure an adequate blood flow around the affected 

area as this will serve to transfer the necessary nutrients needed for enhanced proliferation and 

to removal any metabolic waste that is produced. 

7.3 Controlling the inflammatory phase 

The inflammatory phase represents the second stage of wound healing after the haemostasis 

phase and is associated with the elimination of pathogens as well as the influx of biological 

components needed for wound closure and angiogenesis [164]. This particular phase is of great 

physiological importance to the maintenance of cellular tissue as it assists in the removal of 

impaired cells, cellular debris, tumour cells and pathogens, thus providing the necessary 

foundation for the facilitation of enhanced regeneration. Despite its biological significance, the 

dysfunction of the inflammatory phase can occur, resulting in occurrence of damage to healthy 

tissue which can be attributed to the production of excess leukocytes. Such dysfunction is 

generally associated with the overexpression of IL-1β which polarises the upregulation of the 

M1 macrophage phenotype. This specific phenotype is of a proinflammatory nature, whereby 

its main function is the rapid elimination of damaging biological matter but can also result in 

significant collateral damage if its active population is not kept in check. The standard 

physiological procedure after the production of M1 macrophage phenotype is the 

downregulation of IL-1β which upregulates the activity of peroxisome proliferator activated 

receptor γ [165]. The upregulation of this receptor’s activity helps to facilitate the transition of 

the M1 phenotype into the M2 phenotype, which is associated with healing unlike its 

phenotypic counterpart, however this M2 phenotype can also promote the occurrence of cancer 

[166]. Inflammatory dysfunction can occur due to the failure of the immune system to express 

the cytokines associated with inflammatory resolution such as IL-10, thus resulting in 

continued inflammation [167]. This then leads to the uncontrolled, continual upregulation of 

IL-1β which facilitates the overproduction of the M1 phenotype without the occurrence of the 

M2 transition process, thereby resulting in the accumulation of M1 macrophages. This then 

contributes towards the impairment of tissue repair, subsequently leading to the occurrence of 

chronic inflammation [168]. To maximise the overall efficacy of the wound healing process, 

the optimal regenerative strategy must influence the inflammatory phase in such a way that the 

duration of inflammation is kept to a minimum, thus facilitating the fastest possible occurrence 

of the post-inflammatory wound healing process.     

7.4 Maintenance of dermal moisture  

Dermal moisture serves a variety of purposes, such as the maintenance of intracellular 

osmolarity which allows for the occurrence of regular intracellular biological activity, 

intercellular transport and signalling, skin barrier function etc. In the context of skin 
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regeneration, the retention of dermal moisture helps to facilitate autolytic debridement, reduces 

the chance of cutaneous irritation, prevents desquamation, maintains the osmotic state needed 

for full barrier function to occur etc. The regulation of dermal moisture content is dependent 

on two main factors, which are the presence of innate dermal hygroscopic agents and 

arrangement of intercellular lipids in the SC for the prevention of transdermal water loss.  The 

reduction of dermal moisture below the critical physiological level can lead to the initiation of 

various cutaneous pathologies. This occurs as a result of the impairment of enzymatic activity 

which leads to the aggregation and adhesion of corneocytes, subsequently leading to 

transdermal water loss (TDWL) and the impairment of dermal barrier function. It is widely 

accepted that both TDWL and barrier function are regulated by the presence of intracellular 

lipids that occur within the tight junctions between the cornified cells of the SC, which 

organises itself in a layer like manner thus acting as a physical barrier [169]. This lipid barrier 

can be impaired by elevated temperatures which can disrupt the arrangement of the SC lipids, 

thereby leading to the occurrence of TDWL [170].  An important factor that needs to be 

accounted for regarding the integrity and susceptibility of the SC lipid barrier is the fact that 

seasonal variations in SC lipid levels can occur. Such seasonal variations can influence the 

production rate of SC lipids, whereby the total production of SC lipids is significantly greater 

during summer than that of spring and winter [171].  

Taking these facts into account, it is therefore necessary to implement a hydration-based 

strategy that can help to maintain the SC lipid level, increase the quantity of innate hygroscopic 

compounds and to reverse the adhesive agglomeration of corneocytes if possible. Not only will 

this help adjust the innate osmotic levels of the epidermis to its correct physiological level, but 

it will also help to facilitate cellular proliferation and intercellular transport for effective dermal 

regeneration.   

 

7.5 Regulating the scarring process 

Scars initially occur as a product of the proliferative phase, where the ECM is largely 

unorganised with suboptimal mechanical properties but is adequate enough to prevent 

pathogenic penetration. The development of scar tissue is generally positive in terms of its 

physiological role in wound healing, however for specific cutaneous regions, the replacement 

of native tissue with scar tissue can cause functional problems relating to the organs and 

articular regions that the native tissue covers. An example of this would be in extensor joint 

areas such as the elbows and knees which are covered by skins fold that allow the joints to 

extend without causing extreme tensile stress on the skin. If a significant portion of the skin 

fold is replaced by scar tissue, then the maximum mobility of the extensor joints will be greatly 

diminished, thus significantly affecting the patient’s quality of life. As scar tissue lacks the 

elastic potential of most native skin tissue, excessive tensile strain can cause the scar to rupture, 

leading to further cases of infection and medical complications. From a psychological 

perspective, the scarring process is necessary for the maintenance of the patient’s health, 

however from a psychosocial standpoint the degree of cutaneous scarring can also lead to many 

problems. The process of scarring itself causes hyperpigmentation to occur which is a by-

product of excess melanocyte activation, leading to the increase in melanin production and its 

subsequent uptake into the surrounding tissue. The occurrence of cutaneous scarring and 

hyperpigmentation in visually exposed areas can lead to cases of societal stigma, hostility and 

rejection, thus resulting in the development of social withdrawal problems and the degeneration 

of the patient’s mental health [172]. Overtime the psychological burden placed on the patient 

can cause them to become socially dysfunctional, which not only severely reduces the quality 

of life, but can also result in the need of interventions to help the patient adjust back into society. 
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As of such, being able to regulate the scarring process will help to prevent the occurrence of 

psychosocial problems for the patient and will also help to reduce the strain on the resources 

necessary for societal readjustment.  

As discussed previously, the maturation phase of the wound healing process gradually 

reorganises the biological constituents of the scar through degradation and resynthesis to 

produce an ECM with mechanical properties that more closely resemble the original tissue 

architecture than the scar tissue. Despite the physiological significance of the scarring process 

in the restoration of tissue function and mechanical strength, there are still many negative 

aspects associated with it, such as the fact that scar remodelling process can take up to several 

months, dermal discolouration, the fact that only a maximum of 80% tensile strength can be 

restored [173], reduction in elasticity, as well as the social stigma that is associated with 

aesthetic dermal imperfections.  

To achieve the optimal hypothetical result, the aims of the regenerative strategy should focus 

primarily on the maximal recovery of lost tissue function, elasticity and tensile strength which 

will ultimately determine the quality of regeneration. Although there are many factors that can 

dictate the maximal recovery potential of a scar, i.e. age, skin tension and wound size, one 

possible strategy that could be viable may encompass the use of topographical cues to promote 

the enhanced alignment of collagen and fibroblasts, thus improving the quality of the scar 

[174].   

 

8. Conclusions and Future Outlook 

To develop an effective strategy for wound healing, it is first necessary to understand the 

cutaneous architecture, the natural mechanism of wound regeneration and the various 

pathologies that stem from physical insult. Each of these subject areas can offer valuable insight 

in terms of the necessary objectives that are required for achieving maximum regeneration. By 

understanding these subject areas, it is possible to determine the type of antibacterial strategy 

that is needed to prevent a pathological cascade, whilst choosing the optimum type of 

regenerative strategy to aid the body’s natural healing processes for enhanced wound closure. 

Various factors can affect the regenerative potential of a wound, such as the area of injury, 

severity of injury, type of injury, patient age, hormone levels, diabetes, patient health and the 

presence of systemic medication etc. Whilst it is difficult account for every possible factor, as 

long as the general understanding of the causative pathology is sufficient, then it is possible to 

develop a baseline regenerative strategy that can be applied to most dermal wounds.        

The current development of technologies that can be attributed to wound healing are vast and 

remarkable, with some showing strong indications for clinical use in the foreseeable future. 

Despite the noteworthy advancements that have been made, the general research pathway 

seems to be relatively narrow and linear in nature, displaying remarkable success in very 

concise areas of research. Although this is not a negative convention by any means, there is a 

general lack of experimental research that brings together the cumulative knowledge from 

different fields in an attempt to answer the questions posed by the bigger picture. Taking the 

topic of wound regeneration as an example, it can be separated into a variety of subtopics 

including antibacterial strategies, enhancing the speed of regeneration, revascularisation and 

drug delivery strategies etc.  Although each of these subtopics have received a significant 

amount of development, there is no specific study that includes the summative findings of these 

subtopics into the final outcome. Although it can be speculated that such a study will be too 

broad, therefore requiring extended periods of time to cover all of the various parameters; it 

will however fill in the knowledge gap that exists in terms of the possible interactions that can 
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occur between certain aspects of each subtopic area. In the case of wound regeneration, where 

the outcome could be a multifunctional polymer wafer for antibacterial and regenerative 

purposes; it would therefore be appropriate to identify the nature of the interactions that may 

occur between the substances which represent the antibacterial aspect, the regenerative aspect 

and the polymer matrix itself. By identifying these specific interactions, it would be therefore 

be possible to deduce whether each specific interaction is of a synergistic or discordant nature, 

thereby allowing the product to be fine-tuned, thus maximising the cumulative efficacy of the 

final product. Other reasons for determining the nature of the interactions include the 

prevention of possible cytotoxic by-products that may occur, possible reductions in the efficacy 

of certain aspects such as the reduction in antibacterial effect and the possible degradation of 

the polymer matrix as a result of the by-products produced from the interaction of regenerative 

and antibacterial substances. The findings produced from such research are expected to be quite 

significant in terms of their clinical relevance and as of such need to be explored. This will help 

to establish a foundational guideline in which multi-regenerative applications of the future must 

adhere to for the purposes of clinical reliability. 

To produce a feasible regenerative product for wound healing as a whole, the three main 

subtopics that must be explored are antibacterial strategies, wound healing enhancements and 

the type of medium that is used substance delivery. Each of these subtopics represent a large 

area of study within the field of wound regeneration, with each subtopic offering a different 

variety of solutions for a specific aspect of wound healing. Based on this fact, it is therefore 

necessary to explore the different combinations of technologies which exist within the field of 

wound regeneration, as this will facilitate the development of more effective therapies or 

interventions. 
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Figures 

Figure 1. Diagram detailing the hierarchal structure of the epidermis 

Figure 2. Diagram detailing the structural hierarchy of the dermal epidermal junction 

Figure 3. Diagram detailing the mechanism of bacteriophage therapy 

Figure 4. Diagram detailing the mechanisms of nano-metal induced ROS 
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Figure 1. 



This is a peer-reviewed, accepted author manuscript of the following research article: Man, E., & Hoskins, C. (Accepted/In 
press). Towards advanced wound regeneration. European Journal of Pharmaceutical Sciences. 

 37 

Figure 2  
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Figure 3. 
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Figure 4. 
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Tables 

Table 1. List of growth factors and their specific physiological functions. 

 

Growth factor Topical effects Extra information Reference 

Platelet derived 

growth factor 

alpha  

(PDGF-α) 

-For the development of cardiac neural 

crests, skin, etc 

-Mesodermal cell migration in xenopus 

gastrulation 

-Limited evidence for physiological use in 

adults.  

-Drives pathological mesenchymal responses 

associated with vascular diseases 

-Causative role of PDGF signalling in some 

cancers 

-Promotion of the inflammatory phase in wound 

regeneration  

-Promotion of fibroblast migration in the 

proliferative phase of wound regeneration 

-Stimulates production of fibronectin and 

collagens for the maturation phase in wound 

regeneration 

[62-64] 

Platelet derived 

growth factor  

beta  

(PDGF-β) 

-For blood vessel formation and early 

haematopoiesis 

Vascular 

endothelial 

growth factor  

(VEGF) 

-Stimulation of angiogenesis via 

endothelial cell migration and 

proliferation 

-Induction of procoagulants in 

endothelial cells 

-Delays senescence 

-Prevents apoptosis 

-Restores proliferative potential for 

endothelial cells 

-Endothelial migration occurs via vasodilation 

and chemotaxis 

-Induction of surface matrix endothelial cells to 

invade the matrix below 

-The levels of VEGF expression can be used as 

to identify the regeneration progress 

[65] 

Epidermal 

growth factor 

(EGF) 

-Stimulation of cutaneous regeneration 

via epithelial cell motility  

-Key stimulator for wound closure and 

the migration of fibroblasts 

-Mediates keratinocyte  

de-differentiation into an epithelial 

phenotype 

-Required for dermal maturation and  

re-epithelization  

 

-EGF initiates the processes of migration, 

mitogenesis and cytoprotection which is needed 

for tissue regeneration 

-Topical application of human recombinant 

EGF results in enhanced wound healing and re-

epithelization  

-EGF receptors overexpressed in solid tumours 

-Promotion of the inflammatory phase in wound 

regeneration 

[63, 66] 

Transforming 

growth factor 

alpha 

(TGF-α) 

-Stimulation and enhancement of 

keratinocyte migration and proliferation 

-stimulates the migration of dermal 

fibroblasts 

-Initiates translocation of hsp90α which 

is needed for the migration of cutaneous 

cells 

-Functions primarily as a paracrine and 

autocrine growth factor 

-Main driver of human keratinocyte migration 

[63,67] 

 

Transforming 

growth factor 

beta 

(TGF-β) 

-Influences the transformation of 

monocytes into macrophages upon their 

transition into the site of injury  

-Stimulates the formation of granular 

tissue 

-Promotion of angiogenesis  

 

-TGF-β1 promotes fibroblast migration 

in the proliferative phase of wound 

regeneration 

-TGF-β1 stimulates production of 

fibronectin and collagens for the 

maturation phase in wound regeneration 

-Involved in different stages of wound healing 

-Excess will lead to over-healing, 

-Excess deposition of elastin and collagen can 

result in keloids and hypertrophic scars 

-Promotion of the inflammatory phase in wound 

regeneration 

-Facilitation of blood to the site of injury 

-TGF-β1 exerts immunosuppressive effects, 

resulting in the potential build-up of tumour 

cells.  

-TGF-β2 needed to express and organise 

collagen and during scar formation 

 

[63,64,68] 
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-TGF-β1 promotes keratinocyte 

migration 

-TGF-β1 promotes differentiation of 

fibroblasts into myofibroblasts 

-TGF-β1 promotes contraction of 

fibroblasts for wound closure 

 

-TGF-β2 promotes immune cell and 

fibroblast recruitment to the site of injury 

Basic fibroblast 

growth factor 

(bFGF) 

-Stimulates cutaneous fibroblast 

proliferation 

-Stimulate angiogenesis and the 

upregulation of hyaluronic acid in 

cutaneous fibroblasts  

-Enhances the localisation of leukocytes 

to the area of inflammation resulting in 

improved cutaneous healing 

-Induces tissue remodelling, 

neovascularization and wound healing  

-Inhibition of terminal differentiation to 

myofibroblast 

-Widely used in the clinical application of 

accelerated ulcer and wound healing 

-Normalises tissue texture and colour of 

repaired skin relative to the neighbouring 

healthy skin 

-Helps to reduce scar formation 

-Promotion of the inflammatory phase in wound 

regeneration 

-Usage should be avoided for those with cancer 

[63,69] 

Acidic 

fibroblast 

growth factor 

(aFGF) 

-Promotes the mitogenesis of epidermal 

keratinocytes, dermal fibroblasts and 

vascular endothelial cells.  

-Stimulates angiogenesis 

-Accelerates the rate of healing 

-Promotion of the inflammatory phase in wound 

regeneration 

-High binding affinity to all known FGF 

receptors  

-Wound healing enhancement is dose dependent 

 

 

[63,70] 

Keratinocyte 

growth factor  

(KGF) 

-KGF-1 Promotes indirect wound 

contraction 

-Indirect induction of TGF-β1 expression 

via the stimulation of keratinocytes 

-Facilitates vascularization and reepithelization 

-No effect on fibroblasts when the keratinocytes 

were absent 

-Is a paracrine growth factor  

-Expression increases 160x postinjury 

[68] 

Granulocyte 

macrophage 

colony 

stimulating 

factor 

(GM-CSF) 

-Increases the number of keratinocytes 

and Langerhans cells in cutaneous tissue 

-Induction of enchorial migration and 

proliferation 

-Antimicrobial effect via the stimulated 

increase in monocyte and macrophage 

populations 

-Increases collagen synthesis via 

fibroblast activation 

-Local application improves wound healing 

-Systemic application of GM-CSF does not 

reach a level of concentration that is high 

enough to exert a healing effect in the wound 

area 

-Increases the inflammatory response  

-Increases neovascularisation and arteriogenesis 

-Reduction in necrosis 

[71] 

Platelet rich 

fibrin 

(PRF) 

-Promotes haemostasis, regeneration of 

bone wound healing and sealing. 

-Presence of fibrin matrix allows better 

directional migration of stem cells, resulting in 

improved healing 

-Acts as a scaffold for cellular growth 

[72] 

Insulin-like 

growth factor 

(IGF) 

-Stimulates keratinocyte mitogenesis  

-Stimulates myofibroblast proliferation 

and differentiation 

-Promotes collagen synthesis and 

angiogenesis 

-Topical application results in increased 

expressions of myofibroblasts within the 

wound, leading to improved scarring results. 

[73] 

Hepatocyte 

Growth Factor 

(HGF) 

-Enhances keratinocyte migration, 

growth and DNA synthesis, leading to 

improved wound healing 

-Enhances angiogenesis via the 

migration, organisation and proliferation 

of vascular endothelial cells 

-Stimulates tissue granulation and 

vascularization 

-HGF expression increases as a result of 

wounding 

[74] 
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Interleukin-1 

(IL-1) 

-Inhibition of IL-1β downregulates 

macrophage M1 which is associated with 

proinflammation and upregulates 

macrophage M2 which is associated with 

wound healing 

 

  

-Macrophage M2 induces increased levels of 

TGF-β and VEGF which are required for the 

influx of fibroblasts and angiogenesis 

respectively  

-IL-1β follows a positive feedback loop, 

inducing itself, leading to sustained 

inflammation in chronic wounds 

[75,76] 

Connective 

Tissue Growth 

Factor  

(CTGF) 

-Induction of fibroblasts and 

myofibroblasts during tissue repair phase 

-Induces matrix deposition  

-Marker of fibroblast activation and fibrogenesis 

-Can be pathological, contributing to impaired 

healing and fibrosis, however this is dependent 

on the duration, timing and concentration of 

CTGF at specific points in the wound repair 

process. 

-Early administration of CTGF has therapeutic 

benefits, however sustained dosage above a 

specific threshold can lead to fibrosis 

-Modulated by TGF- β 

[61, 77] 
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Table 2. List of natural compounds associated with cutaneous repair and their specific physiological 

functions. 

 

Substance Source Topical effect Further information Reference 

Aloe 

polysaccharides 

 

 

Aloe vera -Stimulates keratinocyte migration and 

proliferation  

-Stimulates fibroblast proliferation, 

migration  

-Enhances the synthesis of collagen, 

wound contraction and fibroplasia  

-Induced increased expression of VEGF 

and TGF- β1 

-Induces better alignment of collagen 

fibres leading to decreased scar tissue 

size 

-Increased structural organisation of 

granular tissue leading to faster 

formation of scar tissue 

-Ineffective for the treatment of 

radiation 

-Effective for the treatment of 

burns by accelerating re-

epithelization  

-Improves keratinocyte viability  

-High dose increases fibrocyte 

and macrophage count whilst 

decreasing total cellularity 

-High dose increases the quality 

and rate of fibrous tissue 

formation and inflammation  

[78-80] 

Polyphenols 

 

Cocoa,  

Tree bark,  

Plants 

-Enhances dermal blood flow and UV 

photoprotection 

-Induces xenobiotic response  

-Inhibits proinflammatory mediators 

-Antibacterial, antiviral, antifungal 

activity 

-Antioxidant, ROS neutralisation 

-Stimulates elastin and collagen 

synthesis  

-Helps to maintain cutaneous 

health 

-Strong antioxidant, inhibiting 

lipid peroxidation and ROS  

-Improves vascular endothelial 

immunoregulation 

-Suppresses melanin synthesis  

[81-83] 

 

 

Theobromine Cocoa -Antioxidant activity, absorption of ROS -Uv photoprotection [80] 

Tannin Tree bark,  

Plants 

-Antibacterial activity via disruption to 

cell wall synthesis resulting in the 

outflow of bacterial cytoplasm 

-Enhances collagen synthesis  

-Enhanced proliferation of 

fibroblasts 

[83] 

β -Glucans Fungi, grain,  

yeast 

-Acceleration of healing in acute and 

chronic wounds via the activation of 

cutaneous and immune cells 

-Contribute to wound closure 

-Stimulates reepithelialisation and 

collagen deposition  

-Immunomodulatory and anti-

inflammatory effects  

-Antimicrobial effects 

-Enhancement of tissue 

regeneration via stimulated cell 

proliferation and migration  

[84] 

Curcumin Turmeric -Stimulates cutaneous regeneration via 

the formation of granular tissue, 

remodelling of tissue and the deposition 

of collagen.  

-Improves the fibroblast proliferation 

rate and enhances the regeneration of 

epithelial cells.  

-Increases production of TGF-β 

-Anti-inflammatory, antioxidant 

effects 

-Low bioavailability, light 

sensitive, poor solubility and is 

rapidly metabolised 

[85] 

Propolis 

 

Honeybee 

hive walls 

-Antioxidation via the deactivation of 

ROS 

-Stimulates cell proliferation or 

apoptosis, depending on the constituents 

of the propolis 

-Anti-inflammation for chronic 

and acute inflammation  

-Antimicrobial effects against 

some gram-positive and gram-

negative bacteria 

-Contact dermatitis can occur 

[86] 

Proteins, 

vitamins, 

Honey -Inhibits microbial growth via the 

production of hydrogen peroxide which 

is generated by enzymatic processes and 

-Inhibition of anaerobic and 

aerobic bacteria 

-Inhibition of gram-positive and 

[87] 
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minerals, phenols, 

organic acids 

also via lysozyme  

-Promotes and represses inflammation 

via the stimulation or inhibition of 

cytokines  

-Modulates the activation and 

deactivation of ROS from neutrophils  

gram-negative bacteria  

-Promotes reepithelization  

Tocopherol 

 

 

Vegetables, 

nuts, whole 

grains 

-α-tocopherol induces fibroblast 

stabilisation and activation in-vitro 

-Inhibits the UV induced keratinocyte 

apoptosis  

-Epidermal protection against oxidative 

stress 

-Antioxidative activity 

-Immunosuppressive effects 

-Gradually oxidises in air  

-High systemic dosage can lead 

to a variety of side effects 

including nausea, fatigue, 

weakness, bruising and bleeding 

etc 

[88,89] 
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Table 3. Detailing the various aspects regarding the use of a specific polymer for wound regeneration. 

Polymer Properties Advantages Disadvantages Application Reference 

Chitosan 

 

(sourced 

from chitin) 

-Haemostatic  

-Antimicrobial 

-Biocompatible  

-Biodegradable 

-Bio-adhesive 

-Non-toxic 

-Non-antigenic  

-Net cationic 

charge 

-Hydrophilic 

-Gelation  

-Film forming 

capabilities 

-Highly abundant 

-Easy to source 

-Inexpensive 

-Hydrophilic nature is advantageous 

for the delivery of growth factors and 

drugs 

-Net cationic charge induces 

electrostatic attraction between itself 

and the carboxylic acid groups on the 

bacterial surface which increases 

probability interaction, leading to 

antimicrobial activity   

-Net cationic charge increases 

endothelial permeability, leading to 

more effective drug penetration 

-Induces superficial thrombosis via 

platelet activation leading to 

accelerated blood coagulation   

-Caps nerve ending, reducing 

sensitivity and pain  

-Mediates the secretion of 

proinflammatory cytokines such as IL-

8 and IL-1 β, which then allow for the 

upregulation of M2 macrophages to 

promote healing 

-Mediation of proinflammatory 

cytokines prevents excess 

inflammation, thus preventing necrosis 

and the escalation of wound pathology  

-Induces the release of PDGF-α, 

PDGF-β and TGF-β from platelets to 

aid in wound regeneration 

-Depolymerisation releases N-acetyl-

β-d-glucosamine which stimulates 

fibroblast proliferation, collagen 

remodelling and collagen deposition 

-Induces HA release at the site of 

injury 

-Can be combined and modified with 

other polymers  

-Drug absorption 

decreases at higher 

pH 

-Poor solubility at 

pH 6+ 

-Expensive 

-Wound 

dressing 

-Delivery of 

growth factors, 

antimicrobial 

agents and 

peptides 

-Stem cell 

delivery 

 

[106-109] 

 

 

 

Alginate  

 

(Sourced 

from brown 

algae) 

 

 

 

 

 

 

-Hydrophilic 

-Highly 

modifiable 

-Increase in molecular weight can 

enhance the physical properties of the 

gel 

-Alteration to the molecular weight 

distribution can decouple the rate of 

degradation from the mechanical 

properties   

-Different gelation methods: ionic 

cross-linking, Covalent cross-linking, 

Thermal gelation and cell cross-linking 

-Absorbs wound exudate  

-Alginate cross-linked with calcium 

ions stimulates osteoblast proliferation 

and differentiation 

-High molecular 

weight alginate 

solution is hard to 

process 

-Composition is 

affected by the 

purity of the 

natural source 

which can easily 

be contaminated 

with heavy metals 

and proteins  

-Covalent cross-

linking is 

-Wound 

dressing  

-Drug delivery  

(Small 

chemicals)  

-Protein 

delivery 

-Cell culture  

[110-112] 
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-Antibacterial activity and 

biocompatibility can be altered by the 

cation used for cross-linking 

-Ionic cross-linked gel can heal post-

tensile loading  

-high absorption capacity 

 

cytotoxic 

-non 

biodegradable  

Hyaluronic 

acid (HA) 

-Biocompatible 

-Tuneable 

-Innately 

bioactive 

-Hydrophilic 

-Negatively 

charged 

-Low cytotoxicity 

-Anti-

inflammatory  

 

-Biocompatible as the body naturally 

secretes HA, resulting in no 

immunological reactions  

-Can expand by 1000x in volume 

-Multifunctional within the ECM, 

acting as a osmotic buffer, lubricant 

and space buffer. 

-Hydrated network mediates the 

transport of water and proteins, whilst 

restricting pathogen transfer 

-Can activate signalling pathways 

inducing cell adhesion, differentiation, 

proliferation and migration 

-Antioxidant effect    

-Inhibits macrophage aggregation and 

migration thereby preventing 

inflammation 

-Accelerates the transfer of nutrients 

and solutes to the site of injury  

-Degraded HA is absorbed by the 

wound which stimulates angiogenesis, 

cell proliferation and migration  

-Stimulates release of TGF-β 

-Highly abundant in foetal membranes 

-Highly expressed 

in tumours, is 

required in cancer 

cell environment, 

directs metastasis  

(as a result of 

TGF-β 

production) 

-HA 

concentrations are 

higher in areas of 

tumour invasion  

-Susceptible to 

degradation 

-sub-optimal 

mechanical 

properties 

-Drug delivery 

-Scaffold 

 

[113-115] 

 

 

Collagen -Surface active 

-High 

biocompatible 

-Biodegradable 

-Weakly antigenic 

-Low 

immunogenicity  

-Non-toxic  

-Resistant to 

proteolysis 

-Hydrophilic 

 

-Highly compatible due to the natural 

presence of collagen within the body 

-Can penetrate lipid-free boundaries  

-Fibres are formed by self-aggregation 

and cross linking resulting in high 

tensile strength 

-Highly abundant 

-Can be extracted from tissue samples 

of any animals  

-Degradation of collagen type I,II,III 

can induce fibroblast chemotaxis in 

humans, resulting in enhanced healing  

-Can be decellularized to increase its 

range of applications  

-Promotes axon growth 

-Promotes fibroblast proliferation 

-Hybrid combination with alginate can 

result in a hydrogel that promotes 

inflammatory phase healing coupled 

with the mechanical strength 

associated with collagen fibres  

-Able to retain a humid environment 

by absorbing wound exudate 

-Bovine collagen gel dressing can 

successfully induce the synthesis of 

endogenous collagen at the site of the 

wound  

-Induction of angiogenesis 

-Collagen derived 

from animal 

sources may 

trigger an 

immunological 

response and can 

lead to 

transmission of 

pathogens 

-Sponges 

- Scaffold for 

antibiotics and 

growth factors 

-Decellularized 

collagen is used 

for sutures and 

cardiac valves 

-Injection 

medium 

-Membranes 

and films 

-Skin 

replacement 

-wound dressing 

[116-118] 
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-Plays a key role in each phase of 

wound healing 

-Collagen fibres direct cellular 

migration 

-Inhibition of Matrix 

metalloproteinases (MMPs), which 

contribute to chronic wound 

development when in excess 

-Cellular functions are regulated by the 

ECM which is primarily consists of 

collagen  

-Keratinocytes recognises and 

migrates onto collage I layers 

Cellulose  -Water insoluble  

-Biodegradable 

-Low density 

-Biocompatible 

-Good 

bioavailability  

-Adequate 

durability 

-Mechanically 

stable 

-Inexpensive 

-Environmentally 

friendly  

-Non-toxic 

-Non-allergenic 

-Haemostatic 

-Inherently 

hydrophobic 

-Due to the abundance of hydroxyl 

groups within cellulose, it can be used 

to create polymers gels with various 

properties and structures 

-Highly abundant, is found within 

plants in its pure form 

-Native cellulose hydrogels formed via 

physical cross-linking 

-High abundance of hydroxyl groups 

allow for a large variety of surface 

modifications  

-Can physically prevent the deposition 

of pathogens onto the wound area 

-Can be doped with nanometals to 

promote antibacterial effects  

 

Cotton cellulose: 

-Highly crystalline and fibrillar 

-Hydrophilic 

-High surface energy 

-Thermally stable  

-Poor solubility in 

commonly used 

solvents  

-Poor dimensional 

stability 

- As a wound 

dressing cellulose 

has a reduced 

water absorption 

capacity and can 

adhere to the 

wound site 

-No inherent 

antibacterial 

properties 

-Drug delivery 

-Wound 

dressing 

[119-121] 

 

 

 


