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Chapter 1 

General Introduction and Aim of this Thesis 
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Non-healing skin wounds are a significant socioeconomic burden due to 

their high prevalence worldwide. The inefficient recovery of autologous tissue in 

these wounds increases the susceptibility of patients to infections caused by 

microorganisms resistant to conventional antimicrobial therapies. These 

infections increase local tissue damage and delay wound healing, which leads to 

the development of septic processes that can be life-threatening. Therefore, it is 

necessary to develop novel approaches that prevent skin wound infections and, 

in turn, dispense with the use of antibiotics to reduce bacterial resistance. 

 

SKIN FUNCTION AND STRUCTURE  

The skin is the first defensive barrier of the human body against external 

pathogens and environmental insults.1 It also maintains homeostasis by 

controlling the passage of water and electrolytes and regulates body temperature.  

Skin plays a role in the body's adaptation during movement since it is flexible 

enough to resist tearing and piercing.2,3 Structurally, the skin consists of three 

main regions (from the outside in): the epidermis, dermis, and hypodermis 

(Figure 1).4 

The epidermis 

The epidermis is 0.1-0.2 mm thick, it does not contain blood vessels but 

receives nutrients through diffusion from the blood capillaries in the upper 

dermis. It is composed mainly of keratinocytes (90–95%), although other cells that 

play a functional role in the epidermis such as Langerhans cells, melanocytes, 

Merkel cells, and T lymphocytes are also present.5  

Keratinocytes 

As shown in Figure 1, the human epidermis is divided into five main 

layers: the stratum corneum, stratum lucidum, stratum granulosum, stratum 

spinosum, and stratum basale. In these layers, keratinocytes are in a continuous 

state of proliferation, differentiation, and exfoliation from the deeper layers to the 

superficial.  
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Figure 1. Schematic overview of the human skin and the epidermis layers. The epidermis 

is composed mainly of keratinocytes, but also contains non-epithelial cells, including 

Langerhans cells as well as melanocytes and Merkel cells.  The dermis contains the skin 

appendages (sweat glands, sebaceous glands, and hair follicles), blood vessels, and nerve 

endings. Adapted from “Advanced Hydrogels as Wound Dressings” by S. Tavakoli, and 

A. S. Klar, 2020, Biomolecules, Aug 11;10(8):1169. Copyright © 2020 by the authors.6 

 

The stratum basale (also known as the germinal stratum) is the deepest 

epidermal layer that gives rise to the keratinocytes of the epidermis. In the 

stratum basale, the basal cells remain attached to an underlying matrix and a 

proliferative state. Some daughter cells detach from the basal layer, migrate 

outward, and differentiate, forming the stratum spinosum. In this layer, cells start 

to produce and accumulate keratin proteins. The stratum granulosum is 

composed of flattened and basophilic keratinocytes, which contain shrunken 

nuclei and large, deeply basophilic keratohyalin granules in their cytoplasm. 

These cells eventually lose their nuclei and other cellular organelles, forming the 

stratum corneum (also known as corneocytes), the skin's outermost layer.  

The stratum lucidum represents a transition from the stratum 

granulosum and stratum corneum. It is usually seen only in areas of thick skin 

such as the hand’s palm or the soles of the foot and is composed of dead and flat 

keratinocytes that lie close to each other. 
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Melanocytes 

Melanocytes are highly differentiated cells responsible for the production 

of pigment of the skin and hair in all mammals. They are located in the basal 

layer of the epidermis, at which they produce pigment granules called 

melanosomes that contain melanin. Melanosomes are transferred along the 

dendrites of the melanocyte surrounding the keratinocytes to protect their nuclei 

against the harmful effects of ultraviolet (UV) light.7 The process of melanin 

production and transfer of melanosomes occurs steadily as the epidermis renews 

but can be sped up in response to UV exposure. 

Langerhans cells 

Langerhans cells are antigen-presenting dendritic cells of the skin, which 

constitute the immune barrier of the epidermis and are involved in contact 

allergy. These cells represent 3-5% of all nucleated epidermis’ cells and are 

arranged in a network that occupies the interstices between neighboring 

keratinocytes.8 

Merkel cells 

Merkel cells constitute a population of postmitotic cells distributed along 

the dermo-epidermal junction. Most of these cells are associated with nerve 

endings, which is why they play a fundamental role in transmitting signals 

through synaptic contacts with somatosensory neurons. The amount of Merkel 

cells can vary between 0.2% and 5% in the epidermis. However, they are mainly 

found in hairy skin, taste buds, foot pads, and some glands (eccrine glands and 

sweat glands).9 

The dermis 

The dermis is the thickest of the skin layers, with a thickness of 3 mm. It 

primarily consists of extracellular matrix (ECM), which comprises fibrillar 

collagens and associated proteins that protect the body against mechanical injury 

by conferring elasticity and plasticity to the skin.10 In young skin, fibroblasts 

produce and adhere to the dermal ECM, allowing these cells to spread and exert 

a mechanical force on the surrounding ECM.11,12 In addition to fibroblasts, the 

dermis contains endothelial cells, mast cells, macrophages, dendritic cells, T-

lymphocytes, and neutrophils.  
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The presence of a vascular network in this layer plays an essential role in 

wound repair by stimulating blood flow and providing oxygen and nutrients to 

the surrounding tissue. Furthermore, the blood vessels allow the circulation of 

immune cells to the wound site when the skin is compromised. Finally, the 

dermis supports the lymphatic system and nerve bundles that supply the sense 

of touch, heat, and pain. 

The hypodermis 

Below the dermis is the hypodermis or subcutaneous layer, constituting 

about 15-30% of the body mass. It is mainly composed of adipocytes that 

specialize in accumulating and storing fat. It functions as an insulating and 

cushion layer for the integumentary system, which is integrated by the skin and 

its accessory structures such as the nails, hair, and glands (sebaceous and 

sweat).13 

 

SKIN WOUNDS 

 

Wounds and their classification 

Wounds are perturbations in the skin's structural integrity caused by 

mechanical trauma, surgical interventions, or burns. Skin healing can occur 

naturally, but in many cases, when the damage is extensive, the skin regeneration 

process may be affected, resulting in chronic wounds that eventually can lead to 

death. Burns are one of the most common injuries that affect large areas of skin. 

These can cause severe complications, including infections, which depending on 

the environment, size, and depth of the wound and the patient's 

immunocompetence, could delay wound healing and even be life-threatening.  

Therefore, immediate coverage of burns is needed to repair and regenerate the 

tissue. However, without the prevention of microbial colonization, wound 

treatment is practically impossible.14 

Wounds can be classified according to their etiology, location, depth, 

tissue loss, or clinical appearance. The most common classification is performed 

according to the predominant tissue in the wound bed, which is divided into 

epidermal, partial-thickness (often divided into superficial partial-thickness and 

deep partial-thickness), and full-thickness wounds.15 Epidermal wounds are 



Chapter 1 

 

6 
 

characterized by the loss of the epidermis only. Generally, this situation does not 

require treatment since the re-epithelialization process is fast and does not 

generate scarring. Partial-thickness wounds involve the epidermis and superficial 

dermis but can also involve more significant dermal damage. These types of 

wounds can be accompanied by epidermal blistering and severe pain. In this 

case, damaged skin heals in a self-limited manner by epithelialization from the 

wound’s margin due to keratinocytes’ migration and proliferation. Full-thickness 

wounds compromise the dermis, subcutaneous fat, and even bone. These 

wounds lead to cosmetic and functional defects and do not cure themselves as 

they cannot epithelialize correctly. Therefore, the treatment of most of these 

wounds requires skin grafts from healthy areas of the body. 

 

Wound colonization and infection 

From a microbiological point of view, the main function of intact skin is 

to prevent the colonization of the underlying tissue from microbial populations 

that live on the skin's surface.16,17 Open skin wounds are colonized with bacteria, 

and optimal wound care is required to prevent progression to infection. Skin 

infections occur mainly in the outer layers. However, they can extend deeper into 

the underlying (subcutaneous) layer, increasing tissue damage and delaying 

recovery.18 Normally, wound colonization is polymicrobial and involves 

numerous microorganisms that are potentially pathogenic. When the infection is 

established, the wound fails to heal, the patient suffers increased trauma, and the 

cost of treatment is higher.  

Conditions of ischemia, hypoxia and necrosis become optimal for 

microbial growth in the affected tissue. Wound contaminating microorganisms 

come from three primary sources: the environment, the surrounding skin (which 

involves the normal skin microflora), and endogenous sources that mainly 

involve the gastrointestinal, oropharyngeal, and genitourinary mucous 

membranes.19 Therefore, it could be speculated that the wounds with a 

sufficiently hypoxic environment, or in situations where the patient's immune 

response fails, are more susceptible to being colonized by several types of 

endogenous bacteria. However, aerobic or facultative pathogens such as 

Staphylococcus aureus, Pseudomonas aeruginosa, and beta-hemolytic streptococci 

have been reported to be the main causes of infection and delayed healing both 

acute and chronic wounds.19-23 Among these, S. aureus is considered the most 
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problematic bacterium in traumatic, surgical, and burn wound infections. 

Although the presence of such microorganisms frequently raises concern among 

healthcare professionals, their identification as the etiologic agent can only be 

confirmed if they are present as a pure monomicrobial flora.20 

On the other hand, the progression of a wound to an infected state also 

implies the expression of virulence factors by one or more microorganisms, 

which activates the response of the host's innate immune system, causing a 

cascade of local and systemic responses. The severity of these infections depends 

on microbial and host factors. Microbial factors include the microbial load and 

the combined level of virulence expressed by the microorganisms involved. For 

example, it has been reported that healing in some types of wounds progressed 

only when the bacterial load was < 106 CFU/ml of wound fluid. Host factors 

include the type, size, and depth of the wound, as well as the general health 

conditions.19,24 

 

TREATMENT OF WOUNDS 

 

Wound Dressings 

Different types of materials are currently available to be used as primary 

or secondary dressings to protect wounds from contamination. Traditional 

wound dressings include gauze, lint, bandages (natural or synthetic), and cotton. 

These dressings can favor the re-epithelialization process, promote angiogenesis 

by creating hypoxia to the compromised tissue, and prevent infections by 

lowering the pH of the wound bed.25,26 

In clinical practice, dressings are indicated for minor wounds (e.g., 

superficial partial-thickness) that are generally clean, dry, and with mild exudate 

levels. Since traditional dressings do not provide a moist wound environment, 

they have been replaced by dressings with more advanced formulations, most of 

them based on synthetic polymers with high biocompatibility and 

biodegradability.27 
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Antimicrobial therapy 

Historically, bacteriostatic or bactericidal antimicrobials have been 

administered both topically and systemically to treat skin wound infections.28  

The wide range of topical and/or systemic antibiotics include but are not limited 

to aminoglycosides, beta-lactams, lincosamides, macrolides, quinolones, 

tetracyclines, and cephalosporins.29  These classes of antibiotics can obstruct some 

functions or metabolic pathways of bacteria either through inhibition of cell wall 

synthesis, interference with protein synthesis, and inhibition of genetic material 

synthesis.  

Although many of these antibiotics are helpful in treating infected 

wounds, their repeated, and inappropriate usage has increased bacterial 

resistance, which represents one of the most challenging clinical challenges 

today.30,31 About 70% of bacteria that cause skin wound infections have been 

reported to be resistant to at least one of the commonly used antibiotics.32  In 

particular, S. aureus and P. aeruginosa strains were significantly resistant to 

antibiotic therapy, according to a study conducted on wound secretions with 

bacteriological identification.17,28 Furthermore, the development of biofilms by 

infectious strains in chronic wounds, including diabetic ulcers, are starting to 

acquire resistance to almost all classes of antibiotics, leading to a need for 

increased efforts in the development of new antimicrobial therapies to prevent 

infections with minimal toxicity for the patient.33  

Regarding topical antimicrobial treatments, the list of antibiotics is much 

smaller compared to systemic antibiotics; bacitracin, neomycin, polymyxin, 

mupirocin, and fusidic agents are some of the most frequently used.34 These 

agents provide local antimicrobial activity, so they tend to have fewer systemic 

side effects.35 However, their activity time is short, so most of them are used 

mainly to reduce the microbial burden on the skin surface in a prophylactic way. 

In addition, the success of topical therapies is challenged by harsh conditions in 

the wound microenvironment, especially when bacteria are embedded in an 

extracellular polysaccharide matrix, which protects them, thus impeding 

adequate concentrations of active antimicrobials at the site of infection.36 
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Alternative antimicrobial therapies 

Among the strategies that have been developed to replace conventional 

antibiotics, the so-called nano-drug delivery systems have been frequently 

adopted to promote wound healing. In particular, for skin regeneration, 

hydrogels, nanofibers, nanoparticles, and their combinations are examples of 

these systems all under development.37 

Antimicrobial-loaded hydrogels 

Hydrogels are three-dimensional (3D) structures consisting of physically 

or chemically cross-linked bonds of hydrophilic polymers. These materials have 

been widely used in tissue engineering of the skin since their hydrophilic 

structures can favor the absorption of wound exudates and allow oxygen 

exchange to accelerate healing.38,39 Hydrogels have highly hydrated polymeric 

networks and can bind several-fold more water compared to their dry weight, in 

addition, they can be molded into various shapes and sizes, which makes them a 

promising alternative for covering different types of wounds. 

Hydrogels provide a 3D environment that can support cell growth to 

promote tissue regeneration through ECM production.40 They offer a platform to 

load antibacterial agents (e.g., antibiotics, biological extracts, and synthetic 

antimicrobial drugs), growth factors, and/or biomacromolecules that promote 

skin healing. Nevertheless, despite their good performance in wound healing, the 

production of hydrogels continues to be a challenge due to high costs and harsh 

storage conditions. Some of the most common hydrogel components and their 

advantages and challenges are described in Table 1. 
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Table 1. Hydrogel materials for wound dressings: advantages and challenges.40-43 

Hydrogel material Advantages Challenges 

 

 

 

 

 

 

 

Natural 

polymers 

Collagen Favors cell attachment, good 

printing abilities. 

No intrinsic antimicrobial 

activity, poor mechanical 

stability, slow gelation, 

easily clogs. 

Agarose High mechanical strength, 

low cost, easy to manipulate. 

No intrinsic antimicrobial 

activity, low cell adhesion. 

Chitosan Antibacterial and antifungal 

properties. 

Slow gelation, poor 

mechanical properties 

Silk fibroin Biocompatible, degrades in 

vivo. 

Costly to produce, cannot 

incorporate cells within. 

Alginate Fast and stable gelling, low 

cost. 

No intrinsic antimicrobial 

activity, poor cell 

attachment, easily clogs at 

high concentrations. 

Fibrin Biocompatible, promotes 

angiogenesis, fast gelation. 

No intrinsic antimicrobial 

activity, poor mechanical 

stability. 

Hyaluronic 

acid 

Promotes proliferation and 

angiogenesis, fast gelation. 

No intrinsic antimicrobial 

activity, degrades easily, 

poor mechanical stability. 

 

 

Synthetic 

polymers 

Polyethylene 

glycol 

Tunable drug delivery 

profile, good when combined 

with other components. 

Low cell proliferation, poor 

mechanical strength. 

Methacrylated 

gelatin/gelatin 

methacryloyl 

 

Easily degradable, high 

mechanical strength. 

Slow gelation, requires 

ultraviolet (UV) light which 

causes cell damage. 

 

Nanofibers and nanoparticles 

Over the past several years, nanofibers and nanoparticles have been 

produced as drug delivery systems for antimicrobial agents. Nanofibers can be 

woven into mats of different sizes, which cover and protect the injury.44 These 

systems are manufactured mainly based on polymers, metals, and metallic 

oxides. One of the most cost-effective and efficient techniques for fabricating 

steady nanofibers is electrospinning, which makes it possible to produce 

nanofibers with diameters of the order of nanometers, ranging from 5 to 100 

nm.45 These nanofibers could have a high surface-to-volume ratio and porosity, 

which can increase the loading capacity and transport of the drug. 
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The use of nanoparticles has gained great interest for their ability to 

penetrate deep into the skin and disrupt bacterial growth.46 Nanoparticle-based 

antimicrobial therapies can enhance the effects of antibiotics by manipulating the 

agent concentrations at the site of application. Silver nanoparticles (AgNP) and 

other compounds, such as nitric oxide and chitosan, have shown good 

antimicrobial properties.47 In general, nanoparticles are a versatile treatment 

option with a wide variety of formulations that are relatively accessible in clinical 

practice. However, many of these materials have exhibited toxic effects in the 

body, limiting their use over long periods of time. 

ANTIMICROBIAL PEPTIDES OF THE HUMAN SKIN – A STRONG ROLE 

FOR LL-37 

Antimicrobial peptides (AMPs) are critical components of human innate 

immunity and contribute to the first line of defense against infection in the skin.48 

Most of them are cationic, amphipathic and have sizes between 12 and 100 amino 

acids.49 The AMPs structure allows them to bind and disrupt the membranes of 

microorganisms.50 In addition, AMPs can inhibit the microbial cell wall, nucleic 

acid, and protein biosynthesis. Despite AMPs being ancestral molecules, the 

development of generalized resistance by bacteria has been low, which is one of 

the main advantages of AMPs over existing antimicrobial agents.51 

Defensins and cathelicidins, secreted primarily by keratinocytes, are two 

of the major classes of antimicrobial peptides in the skin. In humans, the only 

cathelicidin described to date is the LL-37 peptide. The human cathelicidin 

antimicrobial peptide (CAMP) gene encodes an inactive 18 kDa precursor protein 

(Hcap-18) that releases the active C-terminal 37 amino acid peptide LL-37 

(LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) during the post-

translational process.52-55 The peptide LL-37 has been shown to have antimicrobial 

and anti-biofilm activity against multiple Gram-positive and Gram-negative 

bacteria, making it a promising agent for treating skin wound infections. For 

understanding the antimicrobial properties of LL-37, it is necessary to consider its 

features and secondary structure. The structure of LL-37 contains 54% 

hydrophilic residues with eleven basic and five acid groups, which gives it a net 

positive charge of +6 at physiological pH.  LL-37 forms a random coil in aqueous 

solutions, but in the presence of membranes where the environment is lipophilic, 

it forms a cationic amphipathic α-helical structure.52,56 This secondary structure is 

composed of 3 domains: an N-terminal α-helix followed by a C-terminal α-helix, 
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and a C-terminal tail (Figure 2). The LL-37 has a concave hydrophobic surface 

bordered by predominately positively charged residues, enabling the interaction 

with negatively charged molecules from the bacteria, such as lipopolysaccharides 

(LPS), DNA, or cell walls. The hydrophobic surface of LL-37 is determined by the 

presence of four aromatic phenylalanine (F) side chains that point in the same 

direction (Figure 2). 

 

 

Figure 2. α -helical structure of the LL-37 peptide. The three-dimensional structure shows 

a helix-bend-helix conformation ending in a C-terminal tail. The image was created using 

RCSB Protein Data Bank.57,58 

 

Beyond antimicrobial activity, it has been reported that the LL-37 peptide 

also plays an essential role in processes that promote tissue regeneration such as 

differentiation, proliferation,59 and migration of keratinocytes and fibroblasts, it 

participates in angiogenesis60 and wound closures.61,62,63 In addition, the 

importance of these peptides in burn trauma has been demonstrated, where basal 

expression levels are not high enough to support the infectious processes that 

these types of patients suffer. 
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SKIN GRAFTS 

Autologous skin grafts have remained the standard of care for deep 

partial-thickness and full-thickness wounds. A graft is a section of skin of 

variable thickness and size, which is surgically removed from a donor site of 

healthy skin and applied to cover the damaged area. Concerning the thickness of 

the explant, a graft can be classified as split thickness and full thickness.64,65 The 

first is further subdivided into thin (0.15-0.3 mm), intermediate (0.3-0.45 mm), 

and thick (0.45-0.6 mm) grafts. The full-thickness grafts contain the entire 

thickness of the epidermis and dermis (0.6 mm), and it only can be taken if the 

portion is small enough to be nourished by the surrounding capillaries. 

One of the most troublesome morbidities associated with autologous skin 

grafts is the scarring at the donor site. Scar tissue in these areas is stiff, painful, 

dysfunctional, and can eventually contract, causing deformities. Therefore, 

numerous research efforts have focused on developing exogenous graft 

materials, such as cadaveric skin, xenografts, and artificial skin substitutes that 

could replace traditional autografts. However, at present, these options can only 

offer temporary wound coverage, and in many cases, autologous grafting 

remains necessary.  

Based on the above, the availability of ready-to-use tissues, or the 

possibility to produce, in a short time, sufficient amounts of skin to treat these 

wounds, has become a challenge addressed in numerous investigations.  

 

TISSUE-ENGINEERED HUMAN SKIN EQUIVALENTS (HSEs). 

Tissue engineering is defined as an interdisciplinary field that applies the 

principles of engineering and the life sciences toward the development of 

biological substitutes to restore, maintain, or enhance tissue functions.66 When 

this concept was introduced almost 20 years ago, the possibility of growing 

transplantable tissues in the laboratory, and generating HSEs became a 

promising alternative to treat acute and chronic skin wounds.67,68 

Tissue engineering is based on three main components: cells, a scaffold, 

and a bioreactor.69,70 First, the engineered tissue is matured in vitro by placing the 

cells with the scaffold in a bioreactor, which is a metabolically and mechanically 

supportive environment for cell proliferation and ECM production. Then, the 
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engineered tissue construct is implanted in the intended location of the body to 

start remodeling of the tissue in vivo and to recapitulate their normal structure or 

function. This in vitro and in vivo tissue formation and maturation happens due to 

multiple processes: 1) cell proliferation and differentiation; 2) ECM production 

and reorganization; 3) scaffold degradation; and 4) remodeling and formation of 

tissue. 

In skin tissue engineering, the standard method for the production of 

HSEs involves seeding a natural or synthetic biodegradable matrix with cells, 

usually the cultivation of dermal fibroblasts within a hydrogel and a layer of 

keratinocytes seeded on top (Figure 3). The matrix provides a favorable 

environment for skin cell growth and ECM production.71,72 Eventually, the matrix 

is degraded and replaced by cells and ECM, leading to the formation of the 

functional skin. 

HSEs have been widely used in research as models for pharmacological 

testing to identify irritant, corrosive, and sensitization agents that come into 

contact with the human skin, without the need of using animal models.73-75  

Furthermore, HSEs can be used to investigate fundamental processes in the skin, 

such as the stimuli that lead to the formation of the epidermis, the molecular 

cross-talk between different cell types, the maintenance of stem cells, the process 

of wound healing, and the infection with different kinds of microorganisms.  

One of the significant advantages of HSEs is that the cellular composition 

can be controllable by the researcher. Therefore, a certain cell population can be 

specifically integrated to determine their relevance in the biological process 

under investigation.  On the other hand, in the field of clinical skin replacements, 

the main advantage of using HSEs is that they reduce or eliminate the need to 

take large areas of donor skin, which are commonly required for autologous 

grafts.76,77 Additionally, they avoid recruiting volunteers for a specific study and 

eliminate the need for laboratory animals.78-81 
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Figure 3. General process for the generation of human skin equivalents. 

 

Some commercially available human skin equivalents for in vitro testing are listed 

in Table 2. 
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Table 2. Commercially available human skin substitutes (epidermal composites). 

Product Company Description Ref. 

EpidermTM MatTek Neonatal human-derived fibroblasts and 

keratinocytes cocultured to form a multi-

layered, highly differentiated model of the 

human dermis and epidermis. 

83 

StrataTest StrataTech Full thickness skin model composed of 

Normal Immortal Keratinocytes, and 

dermal fibroblasts embedded in type I 

collagen. 

84 

RealSkin EPISKIN/ 

L’Oréal 

3D skin model made of keratinocytes and 

fibroblasts 

81 

Advanced 

Skin Test 

2000 

(AST2000) 

CellSystems Dermal equivalent with embedded 

fibroblasts, a differentiated epidermal layer 

of keratinocytes on top, and a functional 

basal lamina. 

85,81 

Apligraf Organogenesis Skin substitute composed of an epidermal 

layer containing keratinocytes and stem 

cells, and a dermal layer containing 

fibroblasts. 

86 

Full-thickness 

model 

Michniak group Fibroblasts seeded in a bovine collagen 

matrix and epidermal layer of keratinocytes 

on top. 

81 

SkinEthic™ 

RHE-LC 

EPISKIN Co-culture of keratinocytes, melanocytes 

and CD34+ hematopoietic progenitor cells, 

which differentiate into langerhans cells, 

onto de-epidermized acellular human 

dermis. 

87 

Permaderm™ 

(Cincinnati 

Shriners Skin 

Substitute) 

Regeninic Inc, 

USA 

Autologous fibroblasts and keratinocytes in 

culture with bovine collagen and GAG 

substrates. 

69 

Tiscover™  

(A-Skin) 

Advanced 

Tissue 

Medicinal 

Product, The 

Netherlands 

Self-assembled autologous skin substitute 

with fibroblasts and keratinocytes. 

88 
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TissueTech 

Autograft 

System 

(Laserskin and 

Hyalograft 

3D) 

Fidia Advanced 

Biopolymers, 

Italy 

Hyaluronic acid with cultured autologous 

keratinocytes and fibroblasts. 

88 

Dermal-

epidermal 

organotypic 

culture 

Tissue 

Engineering and 

Cell Therapy 

Group 

Human fibroblasts embedded in a fibrin 

matrix and human keratinocytes cultured 

on top forming a differentiated epidermis. 

82,89 

 

GENE-MODIFIED HSEs 

The field of tissue engineering has made significant progress through the 

application of gene delivery. Gene therapy can be used in order to enhance 

existing cellular activities in tissue substitutes.90  This is achieved by genetically 

modifying the cells grown in the scaffolds or by transferring genes to the injury 

site. In skin tissue engineering, epidermal keratinocytes and/or dermal fibroblasts 

can be genetically modified with viral or non-viral vectors.91,92 These genetically 

modified cells are then used to produce three-dimensional HSEs, acting as 

"bioreactors" in vivo to produce and secrete proteins of interest.93,91,94 For example, 

local delivery of microbial peptides could be used to treat skin wounds, prevent 

infectious processes, and allow better tissue regeneration.  
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Different methods for gene delivery 

Although numerous studies have focused on gene therapy for multiple 

cutaneous diseases, some of these therapies have not advanced to the clinical 

phase due to their risk to patients. Recombinant viruses have been widely 

utilized as vectors for gene transfer. However, viral vectors have several 

disadvantages, including the immunogenicity of adenoviruses, the oncogenicity 

of retroviruses, and the generation of different mutagenic processes of some 

adeno-associated viruses.95,96 In spite of this, some studies on gene-enhanced skin 

substitutes through the viral expression of innate antimicrobial peptides (e.g., 

cathelicidins and β-defensins) have been reported.97-99 In these studies, cells that 

overexpressed the antimicrobial peptide of interest showed high activity against 

methicillin-resistant S. aureus and P. aeruginosa. These gene-transfer approaches 

still require careful safety and efficacy considerations before their clinical 

application. 

Alternative strategies to address the limitations of viral-based expression 

systems have been established. Among these, non-viral vectors are receiving 

increasing attention for clinical application in gene therapy. 100,101 The major 

advantage of using these vectors is their bio-safety, in addition to other 

properties such as their low cost and ease of production. However, the main 

challenge in applying non-viral gene transfer is the relatively poor efficiency of 

transfecting host cells compared to viral methods.102 This has led current research 

to focus on the development of ideal vector delivery systems.  

To date, several types of non-viral vectors have been developed, which 

can be classified into two main categories: physical and chemical methods.100  

Physical methods use physical force to counteract the membrane barrier of the 

cells, which facilitates the intracellular release of genetic material.103  These 

physical methods include microinjection, ballistic DNA, electroporation or 

nucleofection, sonoporation, and photoporation.100,104 One of the most reliable 

physical methods for delivering plasmid DNA to the skin is electroporation.105,106 

This technique is based on applying electrical pulses to the cellular membrane, 

which produces small pores through which plasmids can enter the cytoplasm 

and go to the cell nuclei, where the gene of interest is expressed. After plasmids 

enter the cells, the process can be reversed so that the pores in the cell membrane 

close rapidly, thus maintaining viability.107  Chemical non-viral nucleic acid 

delivery systems are used more frequently than physical methods.108 Generally, 
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they are nanomeric complexes, which are formed from the compaction of 

negatively charged nucleic acids by polycationic nanomeric particles. These 

systems include the lipoplexes (complex between a cationic liposome or micelle 

and nucleic acids), and the polyplexes (complex between a cationic polymer and 

nucleic acids).109 Chemical systems have been shown to be very efficient to enter 

cells predominantly via endocytosis. Unlike viral systems, they are characterized 

by their low toxicity and antigenicity.107 

Polyplexes have emerged as a promising alternative in gene therapy 

within the chemical carriers group due to their chemical diversity and potential 

for functionalization.110 Polyethylenimine (PEI) has been defined as the gold 

standard polycationic transfectant, being one of the most positively charged 

polymers, which can be synthesized in both linear (LPEI) and branched (BPEI) 

forms.102,111,112 One of the main advantages of PEI is that it forms toroidal particles, 

which are stable to aggregation under physiological buffer conditions.  

Furthermore, PEI also has a great buffering capacity due to the high number of 

amine groups, most of which are not protonated at physiological pH. 113-115 

Additionally, they can integrate various cellular ligands to increase their 

specificity and favor intracellular trafficking.  

 

Gene delivery into hydrogels- the potential of fibrin gels 

In recent studies, local delivery of genetic material through hydrogel 

scaffolds using PEI polyplexes has been evaluated. Results showed that the 

polyplexes increased the release rates of the genetic material compared to 

uncomplexed material. Moreover, they decreased cellular cytotoxicity, which 

could favor the applicability of these complexes in tissue regeneration.116,117   

Among the hydrogels that have been used successfully for protein 

delivery through the PEI polyplexes system, the fibrin gel has attracted 

increasing attention for skin engineering applications because of its physiological 

function during wound healing.118-120  Fibrin exhibits high biocompatibility, 

promotes cell attachment, and can be easily degraded by cells.121 Additionally, 

fibrin gel can closely mimic the natural blood-clotting process and can self-

assemble into a stable 3D  network that can stretch up to three times their relaxed 

length before breaking.122  However, fibrin gel as an ideal scaffold has two 

drawbacks: gel shrinkage during cell culture and low mechanical stiffness, which 
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could be explained due to fibrinolytic degradation.119 Furthermore, the fibrin 

networks form a gel with high porosity, which despite being an important aspect 

for the exchange of nutrients and waste products, also implies that the fibers 

expel large amounts of water and collapse when submitted to deformation 

stress.123 

These limitations can be solved by combining fibrin gel as a cell carrier 

with high porosity biodegradable scaffolds. In this regard, agarose has been 

proposed as a potential candidate for adding more stiffness and durability to the 

fibrin gel.124 Agarose is a linear polysaccharide derived from agar, a natural 

product of red seaweed. It has been used for multiple tissue engineering 

applications due to their resemblance to the native ECM, and mechanical 

properties easy to adjust by concentration.124,125 Agarose and fibrin form a 

hydrogel independently from one another.126 While the fibrin clot can be 

produced by covalent crosslinking through factor XIII, agarose is a thermo-

reversible self-assembling polymer that forms gels through non-covalent 

interactions.  

Previous studies have already demonstrated the potential of fibrin-

agarose-based hydrogels as substitutes for tissue engineering.127,128  It was found 

that these hydrogels could resemble the ECM of many tissues such as the 

cornea,129 skin,130  oral mucosa,131 and cartilage.132  The ECM is a fundamental 

component of tissues, consisting of an organized 3D network of proteins and 

proteoglycans, which surround cells and provide them with a fundamental 

microenvironment for multiple cellular processes necessary for tissue 

homeostasis and regeneration.133,134 In addition to the improved biological 

properties, fibrin-agarose-based hydrogels proved to be more versatile than fibrin 

gels alone. Their biomechanical properties can be modified by adjusting the 

agarose content.118,135  
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Thesis aims and outline 

Although different treatments for skin wounds are currently available, infections 

caused by microorganisms resistant to conventional antimicrobial therapies 

continue to be a challenge for the recovery of patients. 

The aim of the research described in this thesis is the development and validation 

of a robust fibrin-based human skin equivalent (HSE) with over-expression of the 

antimicrobial peptide LL-37. To this end, human keratinocytes and fibroblasts 

were genetically modified with a non-viral vector containing the precursor gene 

leading to LL-37 production. 

 

The different aspects of the research towards this aim are as follows: 

1. Determining the efficiency of transfection and the viability of transfected 

cells by comparing two non-viral transfection systems in primary cells: 

polyplexes and nucleofection (Chapter 2). 

2. Determining the conditions for producing polyethylenimine polyplexes 

for non-viral transfection of keratinocytes and fibroblasts (Chapter 3). 

3. Producing and evaluating HSEs containing transfected human primary 

fibroblasts and keratinocytes (Chapter 4). 

4. Optimizing the mechanical characteristics of the fibrin-based HSEs while 

preserving an optimal niche for the cells (Chapter 5). 

The results obtained in these studies are discussed in Chapter 6. 
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