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Resumo 

A re-epitelização de feridas é um processo dinâmico que compreende a formação de um novo 

epitélio através de uma rede de sinalização ativa entre diversos fatores de crescimento e tipos celulares. 

Os principais intervenientes são os queratinócitos (KCs) que migram desde as margens das feridas de 

modo a restabelecer um epitélio continuo para, por fim, restaurar a barreira da epiderme. Uma das 

moléculas mais importantes deste processo é o Fator de Crescimento de KCs (KGF), uma vez que é 

fundamental para promover a migração e a proliferação destas células. Células estromais, como os 

fibroblastos da derme, são os principais produtores deste fator, atuando nos KCs através de sinalização 

parácrina. Diversas estratégias para a entrega deste fator têm sido propostas para melhorar a cicatrização 

de feridas através da re-epitelização, tendo como objetivo a sua aplicação terapêutica.  

Nesta tese foram explorados dois sistemas diferentes: partículas de gellan gum (GG) com KGF e 

cell sheets de células estaminais humanas do tecido adiposo (hASCs), como unidades produtoras de 

KGF. Na primeira abordagem, a otimização dos ensaios de libertação com uma molécula modelo 

mostraram que em partículas polidispersas foi encapsulada menos proteína, e que uma liofilização 

posterior permitiu que a libertação da molécula fosse significativamente maior. Após o encapsulamento 

do KGF nas condições previamente otimizadas, os perfis de libertação controlada foram diferentes, 

consoante o pH. Em contacto com KCs humanos (hKCs), as partículas foram internalizadas e 

demonstraram um efeito na proliferação e migração significativamente maior destas células. A 

neutralização do KGF reduziu a migração dos hKCs, confirmando o efeito estimulatório dependente de 

KGF. Na segunda estratégia, as hASCs mostraram ser produtoras de KGF em cultura, ao contrário dos 

hKCs sozinhos. Em co-culturas de hKCs com hASCs (cell sheet ou suspensão celular), foi também 

detetada a presença de KGF, assim como o efeito mitogénico/motogénico nos hKCs. Além disso, ao 

neutralizar o KGF in vitro, uma forte inibição na migração foi observada, confirmando que o efeito 

estimulatório direto do KGF na melhoria da migração dos hKCs. 

Resumindo, os sistemas explorados baseados em KGF mostraram ter impacto na migração e na 

atividade mitogénica de hKCs, podendo ser explorados no tratamento de feridas em que re-epitelização 

é insuficiente.  

 

Palavras Chave: Células Estaminais do Tecido Adiposo, Fator de Crescimento de Queratinócitos, 

Partículas, Pele, Re-epitelização.  
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Abstract 

Wound re-epithelialization is a dynamic process that comprises the formation of new epithelium 

through an active signaling network between several growth factors and various cell types. The main 

players are keratinocytes (KCs) that migrate from the wound edges to reestablish a continuous epithelium 

to ultimately restore epidermal barrier. One of the most important molecules involved in this process is 

Keratinocyte Growth Factor (KGF) since it is central on promoting both migration and proliferation of KCs. 

Stromal cells, like dermal fibroblasts, are the main producers of this factor, acting on KCs through 

paracrine signaling. Multiple strategies to delivery KGF, envisioning therapeutic application, have been 

proposed to boost wound healing by targeting re-epithelialization.  

In this thesis, two different systems were explored: gellan gum (GG) KGF-loaded particles and 

human adipose stem cells (hASCs) cell sheet constructs as foreseen units for controlled KGF production 

and consistent release. In the first one, the optimization of the release assays with a model molecule 

showed that in polydisperse particles less protein was entrapped, and the further lyophilization allowed a 

significantly higher release of the molecule. Moreover, after entrapment with the optimized conditions, 

KGF was released in a controlled way exhibiting different release profiles dependent on the pH used. The 

particles were internalized when in contact with human keratinocytes (hKCs) and lead to their significantly 

higher proliferation and migration. The neutralization of KGF reduced the migration, confirming the KGF-

dependent stimulation effect on cellular migration. In the second strategy, hASCs were able to produce 

KGF in culture, in opposition hKCs alone. In co-cultures of hKCs with hASCs, in form of cell sheets and 

cell suspension, KGF was also present and a mitogenic/motogenic effect on hKCs was observed. 

Additionally, by neutralizing KGF in vitro, a strong inhibition on migration was revealed, confirming that 

the direct stimulatory effect of KGF on hKCs improved migration. 

Taking all together, the explored KGF-based systems showed to impact hKCs migration and 

mitogenic activity, opening the opportunity to treat wounds with impaired re-epithelialization. 

 

Keywords: Human Adipose Stem Cells, Keratinocyte Growth Factor, Particles, Re-epithelialization, 

Skin. 
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1. CHAPTER I. General Introduction 

 

Background 

Chapter based on: 

Bártolo I, Reis RL, Marques AP, Cerqueira MT, Keratinocyte Growth Factor-based Strategies for Wound 

Re-epithelialization, Tissue Engineering, Part B: Reviews, 2021, accepted 

 

 

1.1.  Structural and Physiological Features of Epidermis 

The skin is the largest organ of the body, representing 10% of the total body mass and a surface 

area of 1.5-2 m2 in adults [1,2]. The principal function of the skin is to protect the body from the external 

environment. It has also the ability of preventing the entrance of chemical, physical and biological agents 

and minimize the effects of ultraviolet (UV) radiations, since skin can absorb them, or infrared (IR) 

radiations as they dissipate the associated heat through the regulation of the blood flux or through sweat 

[3,4]. There are several barriers like cellular and molecular ones, including antimicrobial, immunological, 

cellular and enzymatic systems, preventing the entrance of viruses, bacteria, dust or allergens through 

the human skin unless these barriers are compromised [5,6]. Among the multiple and complex functions 

of the skin, it has other functions like mediation of sensation, thermoregulation, synthesis of vitamin D, 

excretion of water and salt, as well as storage of lipids and water [2,6]. 

The skin consists of three functional layers, epidermis, dermis and hypodermis, also known as 

subcutaneous tissue, associated with structures such as cutaneous appendages [1,7] (Figure 1.1). 
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Figure 1.1 - Schematic representation of the human skin structure with the three main components: epidermis, dermis and 

hypodermis, as well as the associated appendages and blood vessels. This illustration was designed by using elements from 

BioRender. 

 

The epidermis, being 50-100 µm thick, is organized in several stratified layers: stratum basale, 

stratum spinosum, stratum granulosum, stratum lucidum and stratum corneum [6] (Figure 1.2). These 

layers are mainly composed by KCs in different stages of differentiation, until reaching corneocyte stage 

in a protein-rich envelope with an outer lipid covering surrounded by an extracellular lipid matrix [2,6]. 

Besides KCs, which produce keratin and represent more than 90% of the cells in the epidermis, there are 

also other cell types present and differently distributed in the epidermis such as melanocytes, merkel and 

langerhans cells. Melanocytes produce pigment granules (melanosomes) containg melanin providing skin 

and hair pigmentation and protection from UV radiation, whereas, merkel cells play a central function as 

they work as sensory receptors of the nervous system [7]. Langerhans cells on their turn are antigen-

presenting cells that play an important role in immunosurveillance, linked by complex membrane-

associated plaques called desmosomes [2,5,7–9]. 
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Figure 1.2 - Schematic overview of the structure of the human epidermis depicting its stratified structure with the 

correspondent layers: stratum basale, stratum spinosum, stratum granulosum, stratum lucidum and stratum corneum. The 

associated cell types that are also highlighted. This illustration was designed by using elements from BioRender. 

 

Stratum Basale (SB) is composed by a single sheet of cells (keratinocytes, melanocytes and 

merkel cells), connected by hemidesmosomes to the underlying basement membrane [7,10]. This layer 

comprises highly mitotic cells that progressively loose this activity as they move upwards to the upper 

layers, being composed by gradually more differentiated cells [7]. Stratum Spinosum (SS) is organized 

by 5-10 cell layers of KCs with polyhedral shape and langerhans cells, connected to each other and to 

SB by desmosomes, where no mitotic activities are detected in KCs being in the beginning of the 

differentiation process [7,9]. Here, the outer layer of SS start to appear with intracellular membrane-

coating granules in the cytosol making the transition between the stratum spinosum and stratum 

granulosum [9]. Stratum Granulosum (SG) is formed by 1-3 layers of cells with two types of granules, 

keratohyalin granules and lamellar bodies [10]. In the palms and soles, the skin tends to be thicker than 

in the rest of the body, presenting a clear layer (Stratum Lucidum, SL) with 2-3 layers of cells [7]. The 

last layer - Stratum Corneum (SC) - is constituted by 10-15 layers of cells, corneocytes, that are flat dead 

highly, keratinized cells [2,4,11]. The constitution of the SC creates a barrier for the diffusion of the water, 

preventing the dispersal of endogenous compounds out of the skin and the permeation of exogenous 

compounds into the skin [6,11]. 
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The dermis is the largest skin compartment and, like epidermis, varies in thickness (2-3 mm) 

depending on body location [2,11]. It is responsible for most of the main functions of the skin, such as 

environmental perception, thermoregulation and immunological defense, as well as water storage and as 

cushioning against mechanical injuries [2]. Histologically, it is a layer that englobes a wide variety of cell 

types (like fibroblasts that are responsible for the production of the constituents of ground substance or 

mast cells, macrophages and Langerhans cells that promote immunity and protect against infection), 

nerves and blood and lymphatic vessels embedded in a connective tissue network and is separated from 

the epidermis by a basement membrane [2,6]. Its upper layer, the papillary dermis (100-200 µm thick) 

has thin bundles of collagen, elastin fibers, fibrocytes, water, electrolytes, plasma proteins and 

polypeptide complexes [2,11]. Below this layer is the reticular dermis, formed mainly by thick bundles of 

collagen and elastic fibers. Collagen is in greater quantity and forms 3D networks of fibers that are filled 

with extracellular matrix (ECM) which is responsible for the high degree of tensile strength of the dermis. 

Elastin is the second protein that is abundant in the dermis and, like collagen forms a large network and 

provides elastic properties to the skin [2]. 

Beneath the dermis lies the third layer, the hypodermis, formed by adipose tissue and areolar 

fibrous connective tissue, together with blood and lymphatic vessels, nerves and as an energy storage 

[2,11]. It is the hypodermis that connects the skin to deeper structures such as muscles and bones 

allowing the movement over them, it also grant thermal insulation and like dermis, providing protective 

cushion against mechanical trauma [2].  

 

1.2. Wound Re-epithelialization Process 

The epidermis exists in a state of equilibrium and forms a protective barrier against the external 

environment. Upon disruption of the stratum corneum (outmost layer), as in aged, diseased skin or after 

injuries/wounds, the barrier function is compromised [7,12].  

Wounds can be classified following different criteria, as reviewed elsewhere [13–15]. Most of 

them, apart from e.g. chronic wounds, undergo through a classic and complex multi-step process of 

healing with interconnected stages that comprises hemostasis, inflammatory, proliferative and 

remodeling phases [7,16]. 

Re-epithelialization is initiated by KCs within hours after wounding and continues until full wound 

closure [17]. A fast restitution of the epidermis and its permeable barrier prevents excessive water lost 



CHAPTER I – General Introduction 
 

6 

and reduces exposure to bacterial infection. This is important to decrease the morbidity and mortality of 

patients, particularly important when a considerable amount of skin is compromised [18]. 

Different models have been proposed to explain the migration of KCs over the wound bed: the 

leapfrog or rolling mechanism [19,20], the tractor-tread or sliding model [21,22], and another one that 

considers aspects of both theories [23]. According to the leapfrog or rolling mechanism, the migrating 

suprabasal cells roll over leading basal cells and dedifferentiate to form new leaders at the epidermal 

tongue that migrate as a cohesive sheet [19,20]. As for the tractor-tread or sliding model, it postulates 

that KCs from the basal layer move forward in an organized block, while the superficial cells above are 

passively pulled along [21,22]. The most recent one is a variant of the models above, in which suprabasal 

cells de-differentiate and participate, together with the basal cells, in the reconstitution of the new 

epithelium [23]. Although these models propose different mechanisms for wound closure, this is still a 

controversial topic.  

The migrating behavior of KCs is highly dependent on a well-balanced interaction between other 

cell types and the ECM, occurring through signaling molecules such growth factors (GFs) [24]. 

Keratinocytes migrate from the wound edges to cover the exposed wound surface, producing Interleukin-

1 (IL-1). This cytokine acts in a paracrine and autocrine way, influencing the early steps of migration, 

proliferation and the expression of an activation-specific set of genes of KCs [25,26]. The KCs-mediated 

release of IL-1 is the first alert of barrier damage to the surrounding cells, resulting in macrophages 

recruitment [25]. These cells stimulate dermal fibroblasts (DFBs) also with the IL-1 and Tumor Necrosis 

Factor Alpha (TNF-α), up-regulating KGF gene expression in DFBs [27]. In response, DFBs secrete KGF 

and Interleukin-6 (IL-6) inducing KCs to proliferate and migrate towards the wound center [28] (Figure 

1.3). Due to the binding of the GFs to KCs, KCs change their phenotype, becoming flat and elongated, 

more prominent and form peripheral actin filaments as they go from a stationary basal state to a migrating 

one [29–31]. 

https://www.sciencedirect.com/topics/immunology-and-microbiology/tumor-necrosis-factor-alpha
https://www.sciencedirect.com/topics/immunology-and-microbiology/tumor-necrosis-factor-alpha
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Figure 1.3 - Illustration of the re-epithelialization process, highlighting the main signaling molecules involved. Foremost 

cellular players at this phase such as keratinocytes, fibroblasts and macrophages are here depicted, as well as the action of 

the growth factors identified. This image was designed using Power Point by Microsoft. 

 

Alongside, the formation of granulation tissue is of utmost importance for KCs migration. The 

formation of the provisional matrix is stimulated by Platelet-Derived Growth Factor (PDGF) upon autocrine 

release from KCs and paracrine production by macrophages that further act on DFBs to induce them to 

synthetize proteoglycans and fibronectin [16]. Dermal fibroblasts proliferate and synthetize collagen type 

I, and also increase fibronectin secretion that serves as a template for KCs adhesion [16,32]. Cellular 

receptors are disposed along the lateral sides of basal KCs and redistributed towards the basal membrane 

of wound KCs as they come in contact to the dermis. This creates a link between the fibrin-fibronectin 

clot in the wound space and the collagen-rich dermis [25,33]. 

In this way, KCs migration is accompanied by ECM degradation mainly through the action of 

plasmin, that is derived from plasminogen by tissue-type plasminogen activator (tPA) or urokinase-type 

plasminogen activator (uPA), both up-regulated in the migrating KCs [26]. Matrix metalloproteinases 
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(MMPs), which are also up-regulated in wound-edge KCs are also responsible for ECM degradation. MMP-

1 (collagenase-I) cleaves collagen type I, while MMP-9 (gelatinase-B) cleaves type IV collagen of the basal 

lamina [26]. Non-collagenous proteins, like fibronectin, are also cleaved by MMPs, such MMP-3 

(stromelysin-1) and MMP-10 (stromelysin-2), expressed by migrating KCs [18,26]. The proliferation and 

migration of KCs during all this process is also due to their ability to secrete IL-6 and nitric oxide (NO), 

which provides an additional positive stimulation to perpetuate the process until de the injury site is 

covered [16] (Figure 1.3). Epidermal migration ceases once a monolayer of KCs is created and enters on 

proliferative mode. Further on, neoformed epithelium begins to mature in order to restore the barrier 

function [26,31].  

 

1.3. Challenges in the Re-epithelialization of Hard-to-Heal Wounds 

An impaired re-epithelialization is observed in several pathological wound scenarios that often 

lead to chronicity, such as diabetes, burns or other highly traumatic wounds. Chronic wounds, despite 

having different causes, present a set of common characteristics. They often have high incidence of 

bacterial biofilms, creating a continuous state of inflammation, and excessive proteolysis that causes 

extreme degradation of critical growth factors, receptors and/or ECM [34,35]. This highly destructive 

environment not only prevents wound closure, inhibits migration of DFBs and synthesis of granulation 

tissue, but also attracts more inflammatory cells, leading to an unresolved inflammatory loop. In this 

adverse scenario, KCs are highly dysfunctional, and despite being greatly proliferative as a result of c-myc 

activation and overexpression [36], they are unable to migrate efficiently due to the damaged structural 

elements of ECM and uncontrolled signaling cascades of a high inflammatory state. This frequently results 

in parakeratosis and hyperkeratosis, as proliferative KCs accumulate throughout suprabasal layers 

undergoing abnormal differentiation [37]. Their reduced migration is attributed to the dysfunctional ECM 

with elevated MMPs activity that degrades fibronectin and tenascin-C and reduce levels of laminin 332, 

which is a crucial substrate for KC migration. All of this together results in compromised re-epithelialization 

and consequently healing failure in the most hard-to-heal wounds [38,39]. An overview of therapeutic 

approaches to treat these wounds have been recently reviewed elsewhere and will not be explored here 

as they go beyond this review topic [25]. 
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1.4. Keratinocyte Growth Factor as Key Player on Re-epithelialization 

The Fibroblast Growth Factor (FGF) family, to which KGF belongs to, is one of the eight families 

that has a special role in wound healing [15]. FGF family comprises 23 members (22 of them identified 

in humans), characterized by a central core of 140 amino acids showing high homology among all family 

members and high affinity for heparin and heparin-like glycosaminoglycans [40]. FGF stimulate the 

migration and proliferation of endothelial cells critical for angiogenesis and are produced by inflammatory 

cells, vascular endothelial cells, fibroblasts and keratinocytes [41,42]. In particular, Fibroblast Growth 

Factor-7 (FGF-7) or KGF is produced by various types of mesenchymal cells but not by epithelial cells, 

acting as an epithelium-specific growth factor mediator [43,44].  

In skin wounds in specific, KGF stimulates KCs to migrate and proliferate, promoting skin re-

epithelialization [27]. After wounding, DFBs start to produce KGF that is going to bind to KCs membrane, 

more specifically on FGFR2 receptor (FGFR2-IIIb), a tyrosine kinase receptor [45] (Figure 1.4).  

 

 

Figure 1.4 - Schematic representation of the mechanism of action of KGF on keratinocytes. KGF is released by fibroblasts 

and actuates on keratinocytes through binding to the receptor FGFR2-IIIb. This, through a cascade of events and upregulation 

of targeted genes in the nucleus, the migration and proliferation of keratinocytes is promoted, which is crucial for the re-

epithelialization process in the cutaneous wound healing context. This illustration was designed by using elements from Servier 

Medical Art.  
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This receptor is expressed in KCs throughout the stratum basale and in the hair follicles but not 

in DFBs, suggesting once more its role as a paracrine mediator of mesenchymal-epithelial interactions 

[46,47]. In general, the binding of this GF to the receptor leads to the transduction into secondary signals 

and activation of pathways that control various features of subcellular biology and cellular function. In 

details, the binding between KGF and its receptor induces a tyrosine phosphorylation in the receptor that 

leads to the clustering of the ligand-receptor complex in clathrin-coated pits that are endocytosed [48,49]. 

The complex passes through an early and late endocytic pathway to perinuclear structures, with 

subsequent transportation to the lysosomal degradative compartment [50]. The receptors are still active 

in the late endosome due to the slow kinetics of degradation, where the receptor is ubiquitinated by KGF, 

leading to a degradative pathway of the receptor [50]. At the nucleus KGF induces the salvage pathway 

and the expression of some enzymes important for de novo synthesis, meaning that it is able to stimulate 

the synthesis of the enzymes involved in nucleotide biosynthesis during wound healing. This should allow 

the production of sufficient amount of nucleotides necessary for deoxyribonucleic acid (DNA) replication, 

ribonucleic acid (RNA) synthesis and, consequently in KCs proliferation [43]. In addition to proliferation, 

it has been shown that KGF promotes KCs migration. In part it could be mediated via metalloproteinase 

stromelysin-2, that modulates KCs motility by degradation of proteins involved in cell–cell and cell–matrix 

adhesion, allowing the re-epithelialization to occur [51].  

 

1.5. Keratinocyte Growth Factor Delivery Strategies 

The success of GF-based therapeutic approaches for wound healing is often hampered by issues 

such as instability, safety, efficacy and high-costs [52]. When in the form of recombinant proteins, GFs 

have low stability in physiological environment, short half-life, rapid diffusion/degradation which results 

in a low effective dose in vivo. Environmental factors like temperature, pH, ionic strength, hydrolysis or 

oxidation are known to affect their shelf life [53]. Thus, GFs have to be repeatedly injected at a 

supraphysiological dose, so the concentration in the wound sites is maintained [54,55]. In turn, 

uncontrolled in situ concentrations are also associated to serious side effects that have raised safety 

concerns. Therefore, more sophisticated delivery systems that allow precise, controlled and localized 

release, and yet ensuring safety, clinical efficiency and convenience of handling [4], are required to 

improve GF-based strategies and to fully promote their therapeutical potential [52].  
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1.5.1. Topical Application 

Topical application of KGF has been tested not only to address its impact in cutaneous re-

epithelialization [56–58] (Table 1.1), but also on other types of epithelia like, tracheal, tympanic 

membrane and cornea [59–61]. 

 

Table 1.1 - Topical Application of KGF. 

 

 

In skin, the potential effect of KGF was assessed in vitro by measuring randomized migration and 

plasminogen activator (PA) activity of hKCs in response to the growth factor. The authors showed that the 

stimulation of hKCs migration by KGF was dose dependent. The treatment of 1 nM of KGF, showed to 

increase cell numbers, as well as the PA activity, which is known to be correlated with boosted KCs 

proliferation and migration [56]. In line with these observations, KGF (0.1–100 ng/ml final 

concentrations) applied to REK cell line monocultures (rat newborn KCs) enhanced KCs migration. 
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Alongside, an increased hyaluronan synthesis through hyaluronan synthase 2 (Has2) was observed, 

suggesting that hyaluronan plays an essential role in the KGF-stimulated motility of KCs. KGF (2 and 20 

ng/mL with re-application)-treated stratified organotypic cultures of the same cell line showed 

accumulation of hyaluronan in stratum spinosum and a delay on KCs terminal differentiation [58]. Further 

data in a porcine model revealed that topically applied KGF promotes re-epithelialization of both partial 

and full-thickness excisional wounds [57]. In partial wounds, the application of 200 µg/mL of KGF 

stimulated the re-epithelialization rate, which was associated with epidermal thickening, when compared 

to control wounds [57]. On the other side, thicker epidermis with deep rete-ridges, better development of 

tonofilaments and hemidesmosomes in basal KCs with no delay on their differentiation was observed in 

the majority of KGF-treated full-thickness wounds (200 µg/mL in a re-application regimen) [57].  

 

 

1.5.2. Biomaterials-Based Systems 

The use of biomaterials, as delivery systems, are important tools for the administration of GFs in 

order to enable a controlled spatial-temporal delivery [55,62]. These biomaterials can be processed 

differently into hydrogels, different size-ranged particles, membranes or scaffolds, depending on the 

strategy and the purpose of the study [62]. 

The effect of different types of hydrogels loaded with KGF has been studied either in vitro and/or 

in vivo on full-thickness wounds (Table 1.2).  
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Table 1.2 - Biomaterials-based strategies for KGF release. 

 

Legend: IPN - interpenetrating polymer network, PEG - poly(ethylene glycol),RGD - tripeptide Arg-Gly-Asp, HEMA - 

Hydroxyethyl)methacrylate, ELP - sequence motif derived from the hydrophobic domain of tropoelastin, PLGA - Poly-lactic-co-

glycolic acid. 
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Aloe Vera-derived hydrogels were proposed as approaches to stabilize KGF (5 µg/mL) against 

the degradative environment of the wound and to promote KCs proliferation [63]. Although no effect on 

cell proliferation was observed, these hydrogels were non-cytotoxic to mouse KC line Balb/MK and KGF 

was successfully bonded to the hydrogels [63]. In another work, a hydrogel of gelatin modified with 

PEGylated RGD and 3.3 ng/mL of soluble KGF (RGD+IPN+KGF), also did not reveal a significant alteration 

in the closure rate of rat full-thickness wounds. Yet, those structures acted as scaffolds for the deposition 

and organization of the dermal ECM [64]. The targeting of large full-thickness and chronic wounds has 

been also attempted. Fibrin gels with KGF conjugated to a peptide (Fb-P-KGF) for covalent binding 

significantly increased the closure rate and enhanced re-epithelialization of full-thickness wounds. This 

effect was promoted by KGF (150 ng) that was released after the degradation of the fibrin by the cells 

present in the wound [65]. Interestingly, Sen-Britain et al., [66] questioned whether the interaction of the 

KGF with hydrogels altered native protein conformation and release, which can compromise its interaction 

with the receptor and therefore its biological activity. In fact, (hydroxyethyl)methacrylate (HEMA)-based 

hydrogels with methyl methacrylate (MMA) depicted the KGF at a more native-like orientation than those 

with methacrylic acid (MAA). Despite this, release profiles were undistinguishable supporting the urging 

for downstream studies to validate their (lack of) activity in terms of wound re-epithelialization. 

Particle-based systems have been also proposed for the delivery of KGF with the rationale of 

allowing sustained and long-term administration of KGF (Table 2) [62,67]. Keratinocyte growth factor (5 

ng/mL) linked to 60 nm diameter gold nanoparticles (KGF-GNPs) were shown to directly target KCs by 

coupling to the receptor in their cell membrane [68]. Importantly, KGF-GNPs promoted KCs proliferation 

at a significantly higher level than soluble KGF (5 ng/mL). When applied to rat full-thickness wounds, 

KGF-GNPs lead to a higher re-epithelialization than GNPs or KGF (5 ng/mL) alone [68]. In a different 

work, fibrin nanoparticles coupled with KGF (FBN-KGF) (10 pmol) enhanced cell migration in vitro greater 

than FBN alone or the same dosage of soluble KGF. Moreover, in a mice full-thickness wound model, 

FBN-KGF particles treatment lead to a thicker epidermis and an overall improved healing, compared with 

all the control conditions [69]. Others showed that self-assembled nanoparticles of elastin-like peptides 

(ELP) conjugated with KGF (50 ng/mL) increased proliferation of hKCs, but not hDFBs. Furthermore, 

KGF-ELP nanoparticles incorporated in a fibrin hydrogel avoided wound drying and boosted the re-

epithelialization of full-thickness excisional wounds in diabetic mice, opposing KGF application alone, 

where no differences to the control were observed [70]. 
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Membranes have been extensively used for wound dressings and to incorporate GFs in order to 

maximize their assimilation [71]. Collagen membranes have been considered due to their analog 

character of ECM, providing a natural substrate for cellular attachment and proliferation. In accordance, 

membranes of collagen with tethered KGF provided a favorable in vitro environment for initial hKCs and 

hDFBs adhesion and proliferation. This effect was further confirmed in an ex vivo wounded rat skin, in 

which, KGF‐loaded collagen membranes (10 ng/cm2) presented an enhanced migration. Moreover, 

treatment of rat wounds with KGF‐loaded membranes (10 ng/cm2) lead to a thicker neoformed epidermis 

and vascular networks. Moreover, an organized dermal-epidermal and mature appendages were also 

observed in dual loading of bFGF (10 µg/cm2) and KGF (10 ng/cm2) onto a collagen scaffold [72]. Using 

the same dosage, PLGA and poly (L-lactic acid) (PLLA) polymers membranes formulated with Aerosol-OT 

(AOT) and 10 ng/mL of KGF showed different profiles of GF release depending on the formulation. 

PLGA/AOT/KGF membrane exhibited faster release rate of KGF when comparing to PLLA/AOT/KGF, but 

no further data on the effect on epithelial cells is provided than proliferation [73]. The outcomes of 

chitosan-silica membranes containing up to 100 µg of KGF. A higher proliferation of hKCs and increased 

attachment was observed in vitro in the hybrid dressing in relation to the chitosan alone. Mice full-

thickness wounds treat with these membranes showed an overall accelerated wound closure along with 

a thicker epidermis, in comparison to the controls (chitosan membrane with KGF and hybrid membrane 

only) [74]. In the same line, silk membranes functionalized with KGF (and several other GFs) supported 

macrophage secretion of neutrophil recruiting factor (CXCL-1) and monocyte chemoattractant protein 1 

(MCP-1) without production of pro-inflammatory cytokines. Moreover, KGF-loaded and Vascular 

Endothelial Growth Factor (VEGF)-loaded silk membranes applied to a wound organotypic model 

promoted the highest KCs migration and stratification, when compared with other GFs-loaded membranes 

[75].  

Despite all the pre-clinical work presented above, there is just one ongoing registered translational 

work. It was setup as a randomized clinical trial was established to treat skin ulcers either using skin 

micro grafts with a solution of KGF or by a standard treatment comprising skin grafts. Nonetheless no 

results have been published so far, and the status of the trial is currently unknown [76]. 

 

1.5.3. Gene Therapy 

The use of viral or non-viral vectors to introduce into DFBs and KCs genetic material encoding for 

the protein of interest into DFBs and KCs (Table 1.3) is another relevant strategy for KGF delivery [77]. 
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This technique has been explored either by applying the modified gene into the host tissue (in vivo) [78–

82], or by cellular transfection with further cell delivery to the host skin (ex vivo) [82–84].  

 

Table 1.3 - Gene therapy-based approaches for KGF delivery. 

 

 

Administration of KGF as liposomal cDNA was one of non-viral strategies explored. The non-viral 

liposomal complex (KGF cDNA 2.2 µg) was weekly injected (during 4 weeks) in the wound edge of scalded 

burns in rats leading to a successful transfection and subsequent KGF expression in DFBs, macrophages 

and KCs [78]. Epidermal regeneration was improved by 170% in rats receiving the KGF cDNA constructs 

and dermal remodeling was further enhanced in these animals by an increased collagen deposition, when 
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compared with vehicle administration only. A subsequent study conducted by some of the authors showed 

that KGF administered as a liposomal cDNA in a similar setup, also impacted the level of several GFs 

leading to dermal regeneration, and increased neovascularization [79]. Both studies [78,79] indicate that 

delivering KGF as a non-viral liposomal cDNA gene complex effectively enhanced dermal and epidermal 

regeneration. In another non-viral transfection-based study KGF was delivered into full-thickness excisional 

mice diabetic wounds via naked DNA injection with subsequent intradermal electroporation [85]. This 

technique was applied in order to improve the transfection efficiency so that a single dosing regimen 

could be utilized, and a much smaller application of DNA would be required. With just a single injection 

of KGF DNA plasmid, KGF expression was detected and over 90% of wounds healed in the presence of 

KGF versus 40% in the untreated group. Histological analysis demonstrated an intact and mature 

epithelium, compared with untreated wounds that displayed an incomplete epithelium with unresolved 

inflammation. In another approach, based on the application of needle free vector application after 

microdermabrasion, authors also aimed to improve the transfection efficiency of topically delivered DNA 

plasmid [81]. This technique has been used to increase skin permeability for drug delivery by overcoming 

the obstacle of protective skin without damaging the structural integrity or skin components. Multiple 

topical applications of KGF-1 plasmid following microdermabrasion of mice skin resulted in increased 

levels of KGF-1 messenger RNA (mRNA) and protein, primarily localized in the epidermis and hair follicles. 

This procedure ultimately significantly improved three biodynamic parameters of skin strength. However, 

the correlation of this outcome with transfected cells could was not established. 

A virus-mediated KGF delivery comparative study was conducted to assess the efficacy of different 

gene transfer approaches in a skin-humanized model in athymic mice [82]. Three distinct delivery 

strategies for KGF gene were investigated: intradermal adenoviral injection, adenoviral vector immobilized 

in a fibrin carrier, and KGF-adenoviral gene-transferred hDFBs embedded in a fibrin matrix. An 

overproduction of KGF protein was detected in all the delivery systems along with re-epithelialization 

enhancement. Despite the enhancement in all the conditions, direct gene delivery strategies exhibited 

variability in transfection efficacy. While genetically modified hDFBs in a fibrin carrier appeared to be the 

most reliable, avoiding also the direct exposure to viral vectors. 

Bioengineered skin substitutes were created with normal hKCs (control) or hKCs transfected with 

recombinant retrovirus encoding KGF. Bioengineered Skin with Gene-Modified hKCs secreted significant 

higher levels of KGF and accelerated wound closure in vitro, in relation to the control. After transplantation 

on mice full-thickness wounds, modified substitutes formed a thicker and hyperproliferative epidermis 

https://www.sciencedirect.com/topics/immunology-and-microbiology/skin-permeability
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that self-heals more rapidly than the control condition. Moreover, this strategy appeared also to affect 

vascularization, as athymic mice transplanted with this bioengineered skin displayed an enhanced 

revascularization via secretion of VEGF, which was overexpressed [83]. 

Aiming to address the best KGF-transfected cell type to better stimulate KCs metabolism, both 

immortalized hKCs (HaCaT cell line) and hDFBs (KMST-6 cell line) were lipofected with KGF-1 plasmid 

[84]. Keratinocyte growth factor-expressing clones were selected using an air–liquid interface test system 

and interestingly HaCaT cells displayed stronger transgene expression compared to transfected 

fibroblasts. Whether it was related to the transfection efficacy or to the autocrine signaling on hKCs being 

more effective than paracrine via hDFBs it was not unraveled. The most effective HaCaT clone was then 

incubated on a membrane carrier and applied to superficial second degree burns in pigs. Wounds treated 

with the membrane containing transfected HaCaT cells significantly diminished the required period to 

achieve a complete re-epithelialization, when compared with wounds covered with untransfected cells. In 

untreated sites, the double amount of time was required until a thin epithelium was detected [84]. 

The future of gene therapy for wound healing will require consistent and safe delivery methods. 

To circumvent associated safety issues, an in vitro-transcribed modified KGF mRNA strategy, was 

investigated. This approach relies on using a transient effect rather than interfering with the DNA of the 

nucleus [86]. KGF-mRNA transfected HaCaTs cell line and human foreskin fibroblast (HFF) exhibited a 

high KGF protein release that was sufficient to significantly improve re-epithelialization in the performed 

scratch assays. Although being good indicators, no further in vivo studies have been performed and 

therefore it is still premature to extrapolate conclusions at the wound site. 

 

1.5.4. Cell Sheets of Adipose Stem Cells as Natural KGF Producers 

1.5.4.1. Mesenchymal Stem Cells: Adipose Stem Cells 

Stem cells are cells with the unique ability of self-renewal and differentiation capability, existing 

in both embryos and adult cells [87]. They can be divided according to their differentiation capacity that 

is intimately linked with the state of development. Totipotent stem cells, like zygote, are able to divide and 

differentiate into cells to form an entire organism. Pluripotent stem cells (PSCs) are capable of forming 

tissues from all embryonic germ layers, except placenta [87,88]. Embryonic stem cells (ESCs) located in 

human blastocysts and induced pluripotent stem cells (iPSCs) are examples of pluripotent cells, where 

the latter are artificially generated from somatic cells [87,89]. Multipotent stem cells have a reduced 

potency comparing to PSCs as they can only specialize in some cells of a more restricted subset of cell 
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lineages. One example is hematopoietic stem cells, which can give rise to several types of blood cells, 

becoming oligopotent stem cells [87,88]. These cells can differentiate into several cell types, like myeloid 

stem cells that divides into white blood cells but not into red blood cells. Unipotent cells are known to 

have the narrowest differentiation capabilities and the ability to divide repeatedly, being capable of only 

forming one cell type, e.g. dermatocytes [87]. 

Adult stem cells are undifferentiated cells that reside among differentiated cells in a tissue or 

organ and have the proficiency to renew themselves and differentiate into specialized cell types, being 

multipotent or unipotent stem cells [89]. One of the functions of these cells is to promote tissue 

regeneration like in wound healing, to release of GFs and to modulate immune responses [90–92]. 

Mesenchymal stem cells (MSCs), originally isolated and characterized from mouse bone marrow by 

Friedenstein et al. [93], are adult multipotent cell population capable of differentiating into mesodermal 

cell lineages such adipocyte, muscle, tendon, osteocyte and chondrocyte [34,89]. Although there are 

many sources of MSCs, the amount of tissue that can be retrieved is limited and a few cells can be 

harvested [94]. Adipose-derived stem cells (ASCs), have become one of the most promising stem cells 

populations identified so far since they are abundant and can be easily harvested in larger quantities with 

less donor-site morbidity [94–96]. Human adipose stem cells can secrete numerous GFs and cytokines 

(CKs), including KGF, that are critical for wound healing, where enhanced tissue granulation, macrophage 

recruitment and improved vascularization have been also reported, helping improving wound healing 

[92,97,98]. 

Taking in account the numerous advantages that hASCs provide to wound re-epithelialization, 

this strategy has been widely explored in different works, including as a natural source of KGF. Under this 

scope, different in vitro and in vivo with the involvement of KGF have been carried out and are summarized 

in Table 1.4. 
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Table 1.4 - Adipose Stem Cells as natural source of KGF. 

 

 

Conditioned medium (CM) of hASCs showed to significantly enhance migration and proliferation 

of KCs, together with increased levels of KGF mRNA and protein expression, when compared both to 

control and with CM from hDFb. To prove KGF involvement, KCs were exposure to the CM in the presence 

of a neutralizing antibody against KGF, and delay in cellular proliferation and a decreased expression of 

Ki67 was observed in those conditions. Further on, hASCs as potential cells to replace hDFbs, 

incorporated in the collagen type I matrix showed to sustain proliferative epidermis. However, when in 

the presence of the neutralizing antibody against KGF the expression of Ki67 decreased, as well as 

expression of other cytokeratins. These observations support the inductive effect of hASCs on KCs 

proliferation through secretion of KGF. Moreover, when applied to mice full-thickness wounds these 
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constructs promoted an enhanced re-epithelialization and more effective wound closure, when hASCs 

were present [99]. To evaluate the effectiveness and benefits of CM of hASCs on wound healing after 

fractional carbon dioxide laser resurfacing (FxCR) on human skin, CM was topically applied on FxCR-

treated sites for one hour [100]. Herein the presence of KGF was found in CM of hASCs, where the 

treated sites showed less erythema and hyperpigmentation, reducing transient adverse effects and 

increased levels of trans-epidermal water loss, indicating impaired skin barrier function. 

 

1.5.4.2. Cell Sheet Technology 

In order to overcome the drawbacks such inefficient delivery of cells, cell sheet (CS) engineering 

appears as a powerful tool in the regenerative medicine area [97,101]. This technique has been used in 

corneal reconstruction, esophageal transplantation by endoscopy, tracheal replacement, tissue-

engineered cardiac patches, vascularized thick tissues formed by multi-step transplantation and creation 

of organ-like structures [102–108]. This original scaffold-free approach was first described by Okano et 

al., [109]. It involves cell culture until confluency in a temperature-responsive polymer coated surface that 

with further temperature decrease, changes its hydrophilicity leading to cellular spontaneous detachment 

as a monolayer [110]. These CS allow noninvasive cellular harvesting embedded in their own ECM, 

facilitating the direct transplantation to host tissues since the ECM acts as a natural scaffold yet retaining 

cell-cell and cell-ECM junctions [92,97,111–113]. 

Taking advantage of the CS technology together with the attractive properties for wound healing 

related with hASCs, CS constructs were tested on full-thickness excisional mice skin wounds with delayed 

healing [97]. The CS obtained using thermoresponsive surfaces showed to be more stable and easily 

manageable comparing to the ones produced with standard cell culture surface, due to the natural 

adhesive character of the CS. Although both strategies had no significant effect over wound closure, 

hASCs-CS lead not only to full re-epithelialized wounds but also to the formation of appendages in the 

neoformed matrix. In wounds treated with CS obtained from the thermoresponsive surfaces an up-

regulation of KGF was detected which could possibly influencing the formation of a thicker epidermis with 

a higher degree of maturation characterized by the presence of rete ridges-like structures, as well the 

significant number of hair follicles observed after transplantation. This methodology allowed not only the 

production of hASCs-CS in a short time, envisioning the potential of the method in clinical setting but also 

the re-epithelialization with high number of hair follicles and the presence of rete ridge-like structures. Cell 

sheets of hASCs were further used to treat diabetic wounds. For that, they were transplanted into full-
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thickness wounds of a xenogeneic model of type 2 diabetes, the Zucker Diabetic Fatty Rat (ZDF rat) [114]. 

Several cytokines were found to be secreted by hASCs sheets, namely KGF. The healing of the wound 

was significantly accelerated in the transplantation group from day 3 onward comparing to the control, 

and after 14 days after transplantation, was detected an increased blood vessel density and dermal 

thickness, also compared to the control. The xenogeneic hASCs sheets allowed for an accelerated healing 

of large wounds, promoting angiogenesis and the paracrine effects by secreted GFs.  

 

1.5.5. Advantages and Disadvantages of the Presented Strategies 

Despite the relevant outcomes on re-epithelialization enhancement, one of the main drawbacks 

associated to the topical application of KGF is related with the low diffusion and the consequent need of 

high dosage (e.g. around 10 times superior than biomaterial-based strategies) and repeated 

administration (Table 1.5). 

 

Table 1.5 - Advantages and disadvantages of the different strategies for KGF delivery. 
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In the skin wound healing context, the need of exaggerated high doses is intimately related with 

the high proteolytic environment that tend to lyse the topically applied GFs. Recombinant human platelet-

derived growth factor BB (becaplermin), the only GF-based drug for skin wound healing approved by US 

Food and Drug Administration (FDA) as adjuvant treatment of diabetic foot ulcers [115], is a strong 

example of the high dosage (100 µg/cm2) and need of reapplication (alternate days). Although effective, 

its use has been limited by the high cost and by post-marketing reports of an increased rate of mortality 

secondary to cancer in patients treated with three or more tubes of becaplermin. To our knowledge, no 

evidences on the associated mechanisms have been reported, but possibly uncontrolled feedback loops 

for unbalanced concentration could be leading to the malignances observed. 

Medical application of KGF in specific has been successfully used in several preclinical models 

of radiation and chemotherapy-induced mucositis, and developed into commercial medicine (i.e. 

Palifermin) [116], however more effective delivery systems are needed to ensure safe treatments and 

open the possibility to target skin wounds. KGF is under control of a feedback loop which reenforces the 

strict need for controlled delivery approaches. Both paracrine and autocrine signaling may be important 

for the action of KGF in normal tissues, and in the most cases the action of KGF via the autocrine signaling 

was not observed. These facts determine that the expression level of KGF by epithelial cells is high in 

some cancer tissues and the autocrine loop may be enhanced due to hyperplasia or tumorigenesis [117]. 

However, the detailed mechanisms remain to be unraveled. 

Biomaterials can be highly appealing vehicles to provide a controlled dosage in a sustained 

manner deliver of GFs, minimizing some of the issues mentioned above. They can be processed as 

hydrogels, particles and membranes showing high versatility in different types of wounds like epidermal, 

superficial/deep partial-thickness, and full-thickness wounds [65,68,72]. Among the described studies of 

KGF-biomaterials systems, the overall range of KGF concentration drops significantly, comparing with 

topically applied KGF dosages (highest of 100 µg for chitosan-silica membranes [74] and lowest 3.3 

ng/mL in PEGylated RGD gelatin hydrogel [64]). Most of the studies promoted an overall enhancement 

of the re-epithelialization process, but KGF dosages varied significantly, being difficult to establish the 

correlation of minimal dose/maximum efficacy. In the case of the hydrogels explored, only one type of 

hydrogel allowed the improvement of the environment for efficacious wound closure [65]. It seems, that 

in these 3D structures the concentration of KGF was not fundamental since no response regarding re-

epithelialization was obtained with the highest concentration (5 µg) and the lowest (3.3 ng), and only 

occurring with the intermediate KGF concentration (150 ng). While it is difficult to compare all those 
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systems in terms of KGF dosage, one must also consider that their release profile is potentially different 

due to the nature of the membrane biomaterial. This was for example confirmed with PLGA and PLLA 

membranes formulated with equal 10 ng/mL of KGF. Each polymer formulation released biologically 

relevant levels of KGF, although with different times release kinetics. PLGA/AOT/KGF film is potentially a 

better formulation for a rapid time frame (within 72 hours) protein drug release, given its propensity to 

release protein early after exposure to solution [73]. Nonetheless, whether the achieved differences, like 

those potentially attained in any other of the explored strategies, are sufficient to efficiently foster wound 

re-epithelialization is yet to be determined. In this regard, not only the type of biomaterial used and its 

processing method interfere with GFs release and dose needed, but it is also determinant the GFs 

incorporation methodology, via adsorption or covalent binding. While the controlled release in adsorbed-

based KGF strategies occurs via diffusion from 3D (hydrogels) or 2D (membranes); when KGF is 

covalently bound, the release is strongly dependent on the biomaterial degradation or other triggering 

stimuli. 

Gene therapy is a potent methodology for KGF delivery and highly relevant to surpass some of 

the issues related with control and efficacy. Either by transfecting native cells directly at wound site 

[78,79,81,82] or by using an ex-vivo model [82–84] before cell transplantation, this technique reported 

highly transduction of KGF. This ensured high levels of KGF in a continuous manner. Of course, gene 

therapy opens the discussion on serious safety related issues and complicated manufacturing. However, 

the exploitation of alternative delivery methods to virus-mediated ones, as well as by using mRNA [86], 

instead of DNA, are just examples of the effort made to move this strategy to a clinical side. 

The use of hASCs demonstrated to have various advantages to target wound healing, as these 

cells are natural producers of relevant GFs and cytokines, can be easily harvested from various sites and 

have low risk of rejection due to their immunopriviledge nature [118,119]. However, the conventional cell 

transplantation normally involves the need of a great cell number that is often hampered due a limited 

expansion in vitro and a heterogeneous population of cells. Moreover, traditional cell application via 

injection on the wound sites lead to low engraftment efficiency due to fast diffusion, poor localization to 

the host tissue, damage from enzymatic digestion, and shear cell death [101,113,120]. By contrast, cells 

sheets formed by cell sheet technology can overcome these problems since native ECM adhesive 

properties allow promote cell engraftment to the host tissues, including wound sites [121]. 
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1.6. Purpose of the Work 

Currently, multiple therapeutic strategies to delivery KGF have been proposed to boost the healing 

process by targeting re-epithelialization. This has been achieved through a range of different approaches, 

such as topical application, using controlled release-based methods with different biomaterials (hydrogels, 

particles and membranes), through gene therapy techniques, and also, via the use of stem cells. 

Taking this in consideration, this thesis is focused on the study of two different strategies for KGF 

delivery in the context of skin re-epithelialization. The first one comprises the development of a particle-

based system, whereas the second one explores the use of adipose stem cells as natural producers of 

KGF. For that, gellan gum particles were produced to release KGF, while for the second strategy cell 

sheets of adipose stem cells were generated. After fine tuning these systems, the amount of KGF was 

quantified for precise predicted administration and the potential of both approaches on KCs motogenesis 

and proliferation were assessed in vitro. 
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2. CHAPTER II. Materials and Methods 

 

This chapter provides an overview on the materials and the biological assays performed 

throughout this thesis. Moreover, it aims at describing detailed protocols for all the techniques used, both 

in the formulation of the different strategies and in the characterization of the outcomes achieved. 

 

2.1. Materials 

2.1.1. Gellan Gum 

Gellan gum is an anionic exopolysaccharide of natural origin secreted from Shingomonas elodea, 

and consists on repeating tetra saccharide units of glucose, glucuronic acid and rhamnose residues in a 

2:1:1 ratio (Figure 2.1), resembling ECM glycosaminoglycan composition [1–3]. 

 

 

Figure 2.1 - Chemical structure of deacetylated gellan gum. Adapted from Prajapati et al. [4]. 

 

Industrially, glyceryl and acetyl substituents are removed by fermentation medium with hot 

alkaline solution obtaining a deacetylated polymer with 2-3x105 Da, soluble in both hot and cold water 

[4,5]. The deacetylation results in change of soft, elastic and thermoreversible to a firm, brittle and with 

higher thermal stability gels, and depending on the degree of deacetylation, GG can be high acyl (partially 

deacetylated) or low acyl (highly deacetylated) [4–6]. Due to the low number of acyl groups on GG low 

acyl, hydration depends on the type and concentration of the ions, being soluble in deionized water at 

room temperature [4]. At low temperatures, GG forms an orderly double helix structure, while at higher 

temperatures, it presents a single polysaccharide chain, reducing significantly the viscosity of the solution, 

which means that it undergoes through a thermally reversible coil to double helix transition, thus forming 

hydrogels [4,6]. 
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Gellan Gum is a biodegradable, biocompatible and non-toxic polymer with pH between 2-10, 

being resistant to the action of different enzymes like pectinase, amylase, cellulase, papain and lipase 

[4]. It is widely used in different industries, such as pharmacy, biomedicine, food and tissue engineering 

(TE) [4]. In tissue engineering, in particular, it has been mostly used as a material for cartilage 

reconstructions, working as injectable carriers for autologous cells transplantation [7,8], for bone 

regeneration as GG microspheres grafted within gelatin to delivery cells [9], for dental cavity fillings after 

tooth extraction as sponges [10], for rheumatoid arthritis treatment and for artificial veins design as gellan 

sulfate materials [11,12], for wound healing by using spongy-like hydrogels, in order to recreate cellular 

microenvironment contributing to re-epithelialization and neovascularization [13–15]. Thus, GG has 

shown to be a material with versatile processing methodologies that has been explored in a wide range 

of applications. 

 

2.1.2. Gellan Gum Particles 

As described, GG can be differently processed giving rise to distinct platforms for cell and drug 

delivery to the desired location [5]. Gellan Gum beads and capsules have been studied due their potential 

of carrying drugs and produced with the help of an aqueous solution of Ca2+ ions, forming a tree-

dimensional network by cross-linking the polymer chains [5]. 

Gellan Gum particles were obtained by using the technique double emulsion water-in-oil-in-water 

(Figure 2.2) [16]. For each reaction, 1 mL of 1% (w/v) gelzan (Sigma-Aldrich, Portugal) solution was 

prepared and kept at 90 ºC under stirring for 30 minutes. After stabilization at 40 ºC, a drop of tween-20 

(Sigma-Aldrich, Portugal) was added to prevent the formation of soluble aggregates [17]. GG solution was 

emulsified with 3 mL of 0.5% (v/v) span-80 (Sigma-Aldrich, Portugal) in chloroform (Fisher Scientific, UK) 

as a second liquid phase [18], using ultraturrax (T18 BASIC, IKA) for 3 minutes to homogenize. Following 

that, GG solution and 5 mL of 60% (w/v) calcium chloride (CaCl2; Merck, Germany), were dropped wise 

crosslinked, forming direct bridges between pairs of double helix due to the exposure to Ca2+ [19], to 15 

mL of 3.5% (w/v) poly(vinyl alcohol) (PVA; Sigma-Aldrich, Portugal) for suspension polymerization and 

stabilization [20,21], with continuous stirring. Chloroform was removed using a rotatory vacuum 

evaporator, and the solution passed through a 100 µm strainer (Falcon, USA) in order to avoid aggregates. 

To recover the particles, centrifugation was performed for 1 hour at 13751 g and then, after discarding 

the supernatant and the pellet resuspended with deionized water, the solution was passed through a 70 

µm strainer (Falcon, USA). The particles were washed with deionized water for extra 3 times by 
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centrifugation for 10 minutes at 13751 g to remove PVA and ions Ca2+, obtaining polydisperse particles. 

Then, the selection of the particles (< 1 µm ) was performed by passing the particles through strainers 

(pluriSelect Life Science, Germany) with different sizes, 10 µm, 5 µm and 1 µm. In the end, the 

polydisperse particles and particles < 1 µm were freeze-dried for a week and kept at room temperature 

(RT). 

 

 

Figure 2.2 - Schematic overview of GG particles fabrication protocol for polydisperse particles and particles < 1 µm. 

 

Nanoparticles in aqueous suspensions tend to become physically unstable leading to 

aggregation/particle fusion and therefore the objective of freeze-drying the particles is to improve their 

physical and chemical stability by removing the water [21]. The process of freeze-drying the particles 

consists of three steps: freezing (solidification), primary drying (ice sublimation) and secondary drying 

(desorption of unfrozen water), where, in the end, the particles exhibit all the physical and chemical 

characteristics preserved, acceptable relative humidity and long-term stability [21]. 

Ultraviolet light, was chosen as a sterilization method, given that the particles exceed the maximum 

range of filtration for sterilization (> 0.22 µm). Ultraviolet light sterilization is widely used to sterilize 

microorganisms in several fields, since they absorb UV light and the DNA is destroyed, leading to 

disinfection [22]. To assess the feasibility of UV light exposure to sterilize these particles, they were placed 
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inside a petri dish and sealed with parafilm. Inside a laminar flow chamber (BH-EN 2000 S/D, Faster), 

the particles were exposed with UV light (λ ≈ 254 nm) for 15 minutes, and after that time, the petri dish 

was flipped over and exposed again for 15 minutes more and saved until further use. To further test if UV 

sterilization was successful, the particles were resuspended in alpha Minimum Essential Medium (α-

MEM; Fisher Scientific, USA). Through the Streak Plate Procedure, designed to grow and isolate pure 

cultures of bacteria or colonies [23], drops of the particles’ suspension were released in an agar plate 

and spread over the petri dish. In the end the plate was incubated for 24 hours upside down, so that the 

condensation did not drip on the colonies. After 24 hours, not a single colony was observed on the agar 

plate, meaning that the sterilization was successfully accomplished. 

 

2.1.2.1. Protein loading/release strategies 

The preliminary experiences were performed with Bovine Serum Albumin (BSA; Sigma-Aldrich, 

Portugal). This protein besides its similar properties, molecular weight and amino acid sequence to 

human serum albumin [122], the low cost associated to its purification and use makes this protein 

appealing in a variety of laboratory applications. After that, the assays were performed with KGF, that was 

selected for this project as it is known to be a strong candidate for wound re-epithelialization, as explained 

throughout the thesis. Before loading KGF (PeproTech, USA) on GG particles, KGF was reconstituted, 

according to manufacturer indications. To reconstitute KGF, the vial was centrifugated prior to opening 

and 500 µL of Phosphate Buffered Saline (PBS; Sigma-Aldrich, Portugal) was added to have a 

concentration of 0.1 mg/mL. To extend the storage to 3 months, a solution 0.1% (w/v) of BSA was added 

and aliquots were prepared and stored at -80 ºC. For both proteins, two different strategies for the release 

were studied opening a possibility for two different therapeutic approaches. One where the particles with 

entrapped protein were ready to use (Lyophilized), and the other one where the particles had no 

protein/drug incorporated but with possibility of adding the protein at the time of application (Non-

Lyophilized) (Figure 2.3). 
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Figure 2.3 - Illustration depicting the differences between the termed Non-Lyophilized and Lyophilized strategies for protein 

release assays, performed after the last step of the particle’s fabrication protocol. 

 

2.1.2.1.1. Non-Lyophilized Strategy 

Non-lyophilized strategy consisted on incubating the protein using the particles after the 

production. Briefly, four conditions (10 µg, 5 µg, 1 µg and 0 µg) for the loading of the particles were 

prepared, each one of it on 1 mg of GG particles. The particles were incubated with a stock solution of 

0.05% (w/v) BSA in PBS with a total volume of 100 µL. The particles were incubated overnight with 

agitation at 37 ºC. The samples were centrifugated for 10 minutes at 12.3 g and the supernatant was 

removed and saved at -80 ºC, corresponding to the amount of BSA not loaded. To each sample 1300 µL 

of Sodium Chloride (NaCl; Panreac, Spain), pH=7.4 was added. The particles were resuspended and 

incubated at 37 ºC under agitation. At each time point (1 hour, 3 hours, 6 hours, 9 hours, 24 hours, 48 

hours and 72 hours), samples were centrifugated for 10 minutes at 12.3 g and 160 µL were removed 

and saved at -80 ºC. 

 

2.1.2.1.2. Lyophilized Strategy 

This strategy refers to the use to the same process as above, but with a subsequent step of 

lyophilization after protein incorporation, aiming at a ready-to-use approach. After analysis of the results 

obtained with BSA, as explained in the subsection above, the condition of 10 µg/mL was the only 

concentration where the release values were within the range of the standard curve of Micro BCA assay 

and being so, it was selected to be used in further studies with KGF. In this sense, KGF release profile 
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(with previously tested BSA concentration) was performed for non-lyophilized and lyophilized strategies 

using NaCl with different pH (4, 7.4 and 10) to study the release profile in these different scenarios. 

The incubation and release of both proteins was done as explained before (see section 

2.1.2.1.1.). After the incubation of the proteins and the supernatant removed, the particles were freeze-

dried for 24 hours and then ready to use. Then, the particles were resuspended in NaCl and the release 

performed, as described above (see section 2.1.2.1.1.). 

 

2.2. In vitro Methodologies 

2.2.1. Cell Isolation from Human Tissues 

Human skin samples were obtained from abdominoplasty surgeries, while human subcutaneous 

adipose tissue was obtained from liposuction procedures. These surgeries were performed at Hospital 

São João (Porto, Portugal) with informed consent and under a collaboration protocol with 3B’s Research 

Group approved by the ethical committees of both institutions. 

 

2.2.1.1. Human Adipose Stem Cells Isolation from Adipose Tissue 

Human adipose stem cells represent an interesting cell type in cutaneous wound healing 

scenario, as they can secrete a range of favorable angiogenic factors, inducing skin neovascularization, 

is immune-privileged, stimulates the production of anti-inflammatory cytokines, is multi-potent, reduces 

wound contraction, attenuating scar formation, and induces keratinization, and thus in better skin healing 

[25–27]. 

Subcutaneous adipose tissue obtained from liposuction procedures were transported in PBS 

(Sigma-Aldrich, Portugal) with 10% Antibiotic/Antimycotic (AB; Fisher Scientific, USA), under controlled 

temperature conditions, and processed within 24 hours after collection. Samples were washed with PBS, 

in order to remove most of the blood and incubated with 0.05% Collagenase Type II (Sigma-Aldrich, UK) 

under agitation for 45 minutes at 37 ºC. The digested samples were filtered and centrifuged at 800 g for 

10 minutes to pellet the stromal vascular fraction (SVF) that was resuspended with red blood cell lysis 

buffer (155 mM of Ammonium Chloride, 12 mM of Potassium Bicarbonate and 0.1 M of 

Ethylenediaminetetraacetic Acid, all from Sigma-Aldrich, Germany) in distilled water, incubated for 10 

minutes at room temperature and centrifugated at 300 g for 5 minutes. 
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The supernatant was then discarded and red blood cells-free SVF was resuspended in α-MEM, 

supplemented with 10% Fetal Bovine Serum (FBS; Life Technologies, Netherlands) and 1% AB, and plated 

in T150 cm2 flasks. hASCs were selected by adherence to tissue culture polystyrene (TCPS) surfaces 5 

days after isolation and harvested at 90% confluence along the passages. 

 

2.2.1.2. Human Keratinocytes Isolation from Skin in Feeder Layer Culture System 

Feeder-Layer Culture System 

The cell line 3T3-J2 is a subclone of the original mouse embryonic fibroblast line from a Swiss 

mouse [28] and it was kindly provided by Professor Fiona Watt laboratory at King’s College London. Cells 

of this sub-clone are known to, after mitotic inactivation, support epithelial cells, namely keratinocytes, 

acting as feeder cells [29].  

Before inactivation, each T75 flask is harvested with 1-2x105 cells, until reaching confluency with 

approximately 3-6x106 cells. To inhibit the proliferation, 4 µg/mL of Mitomycin C (Sigma-Aldrich, UK) was 

added to the confluent flask and incubated for 2 hours at 37 ºC, medium was removed, and the flasks 

washed with 0.02% Ethylenediaminetetraacetic acid (EDTA; Sigma-Aldrich, Portugal). Then, cells were 

harvested in 0.05% Trypsin-EDTA (Fisher Scientific, USA) and divided into a T75 flask with the optimal 

density of 1.8x106 cells. 

 

hKCs Isolation 

Skin Samples, with adjacent adipose tissue, were collected in sterile containers with 100 mL 

solution of PBS with 10% AB, transported under controlled temperature conditions and processed within 

24 hours after collection. Skin tissue was disposed from the adjacent adipose tissue, washed with PBS, 

cut in small fragments (roughly 1 cm2) and incubated overnight in Dispase (2.4 U/mL) (BD Biosciences, 

USA) in PBS with 1% AB at 4 ºC. 

After enzymatic digestion with dispase, epidermis was carefully peeled off, using forceps, and 

further digested by 0.05% Trypsin-EDTA. After an incubation period of 5-7 minutes at 37 ºC, digested 

tissue was filtrated through a sterile 100 µm cell strainer (Falcon, USA) and centrifugated at 420 g for 5 

minutes. The supernatant was discarded, the pellet resuspended in FAD medium and the cell suspension 

was filtered again through a 100 µm cell strainer and 0.3x106 cells plated into T75 cm2 tissue culture 
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flasks (Falcon, USA), on top of feeders, prepared as described above. FAD medium consists of Dulbecco’s 

Modified Eagle’s Medium - high glucose (DMEM; Sigma-Aldrich, UK) and Dulbecco’s Modified Eagle’s 

Medium - high glucose/Ham’s Nutrient Mixture F12 (DMEM/F12; Sigma-Aldrich, UK) (3:1), 

supplemented with 1.8x10-4 M of Adenine Hemisulfate Salt (Sigma-Aldrich, UK), 10% of non-activated FBS, 

Insulin (5 µg/mL) (Sigma-Aldrich, UK), 1% of L-Glutamine (200 mM) (Fisher Scientific, USA), 1.8 mM of 

Calcium Chloride (Merck, UK), 1% of Penicillin-Streptomycin 10k/10k (Lonza, Switzerland) and HCE 

cocktail. This cocktail comprises Hydrocortisone (0.05 µg/mL) (Sigma-Aldrich, UK), 10-10 M of Cholera 

Enterotoxin (Sigma-Aldrich, USA) and 10 ng/mL of Recombinant Human Epidermal Growth Factor (rEGF; 

PeproTech, USA). Approximately 7 days after plating, prior to confluence, hKCs were trypsinized and then 

sub-cultured either in a feeder-layer system, for expansion, or feeder-free hKCs culture, for the different 

subsequent studies.  

 

2.2.1.2.1. Subculture of Human Keratinocytes  

Feeder-Layer Culture System 

For the sub-culture of hKCs, 2-3x105 of hKCs were placed on T75 inactivated feeders previously 

prepared, where they grow as colonies. After confluency of hKCs, feeders were removed and hKCs were 

trypsinized. For that, FAD medium was discarded, and cells were washed with 1X PBS and then with 

0.02% EDTA. Fresh 2.5 mL of EDTA was added and incubated for 5 minutes at 37 ºC, selectively 

detaching the feeders from the flask by gentle aspiration with a pipette, leaving hKCs alone in the flask. 

For the detachment of hKCs, 2.5 mL of 0.05% Trypsin-EDTA was added to the T75 flask and incubated 

for about 5-10 minutes at 37 ºC. To inactivate the Trypsin, 5 mL of FAD medium was added, and the 

cells were transferred to a centrifuge tube. hKCs were recovered by centrifugation at 200 g for 5 minutes, 

supernatant was discarded, and further cultured at 2-3x105 density on T75 flask with inactivated feeders 

in FAD medium. 

 

Feeder-Free hKCs Culture  

In the feeder-free system, hKCs were detached from feeder layers, as explained above, with 

additional 2 times centrifugation before resuspension in Keratinocyte Serum Free Medium (KSFM; Fisher 

Scientific, USA) supplemented with the Human Keratinocyte Growth Supplement Kit (Fisher Scientific, 

USA) containing 5 ng/mL of rEGF, 50 µg/mL of Bovine Pituitary Extract (BPE), and with 1% AB. 
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Additionally, for expansion in this system, Y27632 dihydrochloride (ROCK inhibitor; Enzo Life Sciences, 

USA) was added to culture medium at a concentration of 1% (v/v), as this inhibitor is known to regulate 

the differentiation and proliferation of hKCs, leading to the inhibition of the differentiation and promotion 

of proliferation [30,31]. 

 

2.2.2. Cell Sheet Fabrication 

Cell sheet engineering was proposed by Okano et al. [32] with several applications in biomedical 

field as a scaffold-free tissue engineering, since the cell’s self-extracellular matrix acts as a natural 

scaffold, retaining cell-cell and cell-ECM junctions, which have been also pointed out to enhance cellular 

residence time and to promote full thickness skin wound regeneration when using either MSCs or skin-

related lineages [25,33]. 

For CS fabrication, 3x105 cells of hASCs were plated on a 6-well plate and cultured for 5 days in 

α-MEM medium, supplemented with 10% FBS, 1% AB and 50 µg/mL of Ascorbic Acid (A/A; Wako Pure 

Chemical Industries, USA), at 37 ºC in humidified atmosphere with 5% CO2. By adding A/A to the culture 

media, collagen production was stimulated, leading to the production and organization of ECM, and 

therefore, to the formation of a confluent hASCs layer with a thick collagenous matrix, as previously 

described [25]. 

 

2.2.3. hKCs and hASCs Direct Contact 

Direct co-cultures of hASCs-hKCs were performed using different methodologies to promote the 

contact between these cell types: via cell sheet (hASCs cell sheet on top of a confluent monolayer of 

hKCs) and via cell suspension (cell suspension on top of a confluent monolayer of hKCs). The production 

of KGF from these co-cultures was quantified in the resultant CM after different culture periods (48 and 

72 hours). In order to have a precise quantification and to assess the co-culture effects, adequate controls 

comprising hASCs and hKCs monocultures were also performed. Furthermore, for accurate normalization 

of the amount of KGF released, cell proliferation effect was quantified by DNA assay quantification, and 

contribution of the two cell types in culture was assessed by flow cytometry with exclusive identity markers, 

as further described.  

hASCs were isolated from subcutaneous adipose tissue as explained on section 2.2.1.1. and 

cultured with α-MEM medium supplemented with 10% FBS, 1% AB at 37 ºC in humidified atmosphere 
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with 5% CO2. The medium was changed every 2-3 days until 90 % confluency was reached, and the cells 

were used at passage 2 to 4. Human keratinocytes were isolated from skin tissue as explained on section 

2.2.1.2., used at passage 1 to 3 and at density of 1.5x105 cells/well, were plated on a 12-well plate and 

cultured for 5 days with 500 µL of KSFM and ROCK inhibitor at 37 ºC in humidified atmosphere with 5% 

CO2.  

 

2.2.3.1. hASCs-CS Based 

After 5 days, the contact of hASCs-CS on top of hKCs was performed with the help of the tip of 

the micropipette the cell sheet was detached from the well and the keratinocytes were washed with 1X 

PBS. The previously obtained CS was placed on top with a combination of 1:1 KSFM /α-MEM (total 500 

µL) for 48 hours and 72 hours. 

 

2.2.3.2. Cellular Suspension 

Prior to the contact of the cell suspension, hKCs were washed with 1X PBS, then a suspension 

of hASCs at density of 5x104 cells/well was seeded on top of the hKCs with 1:1 KSFM/α-MEM (total 500 

µL) for 48 hours and 72 hours. 

Control condition comprising hASCs was done the same day as the fabrication of the cell sheets, 

at density of 1.5x105 cells/well with 500 µL of α-MEM medium. The control of hKCs was also performed 

using the same cellular density with 500 µL of KSFM plus ROCK inhibitor, and both controls cultured for 

5 days.  

For either co-culture methodology used, at each time point, the CM was removed and 

centrifugated for 10 minutes at 366 g. The supernatant was filtered with the help of a syringe and a 0.22 

µm filter (TPP, Switzerland), then stored at -80 ºC until further usage. 

 

2.2.4. hKCs Contact with Gellan Gum Particles 

The internalization and proliferation induced by GG particles were assessed and described in the 

subsequent sections. 
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2.2.4.1. Internalization of GG Particles by hKCs 

The internalization was evaluated both through flow cytometry and transmission electron 

microscopy (TEM). 

For flow cytometry analysis, GG particles functionalized with a fluorescent conjugate, Biotin (5-

fluorescein) conjugate (Biotin-FITC; Sigma-Aldrich, Portugal) were used. To achieve a more stable and 

stronger immobilization, N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride/N-

Hydroxysulfosuccinimide sodium salt (EDC/NHS; Sigma-Aldrich, Portugal) was used as a linker to 

enhance the efficiency of the binding. EDC reacts with carboxylic groups (from protein or substrate) 

generating an unstable reactive ester, O-acylisourea. In combination of NHS, a semi-stable amine-reactive 

NHS-ester is formed. These species can interact with the amine groups (from the protein or substrate) 

establishing a covalent bond between the protein [34], which in this case is NeutrAvidin Protein (NaV; 

Thermo Fisher Scientific, USA), that will in the end be linked with Biotin-FITC. NaV was used to decrease 

the background in biotin-binding. For that, 1 mg of particles was dissolved in 1 mL of 2-N-

morpholino(ethanesulfonic acid hydrate) buffer (MES; Sigma-Aldrich, USA), 100 µL of 4% (w/v) EDC in 

MES buffer and 100 µL of 4.8% (w/v) NHS in MES buffer and incubated for 1 hour at RT. Then the 

particles were washed 3 times with 1 mL of PBS, in which were centrifugated at 18000 g for 10 minutes 

between the washes. The particles were resuspended in 500 µL of 0.1% (w/v) NaV and incubated for 4 

hours at RT in the dark. After, the particles were again washed 3 times as explained before, and 

resuspended 155 µL of 0.01% (w/v) of Biotin-FITC, added 345 µL of PBS and incubated overnight at 4 

ºC. The next day, 3 more washes were preformed, the particles were dissolved in KSFM to put in contact 

with hKCs and to be observed by Transmitted and Reflected Light Microscope with Apotome 2 (Axio 

Imager Z1m, Zeiss). The particles analyzed by TEM did not contain any fluorescence. For both assays, 

hKCs at density of 3.75x105 cells/well, were plated on a 6-well plate and cultured for 48 hours in KSFM 

and ROCK inhibitor at 37 ºC in humidified atmosphere with 5% CO2. Then, the medium was discarded 

and 2 mL of 5% (v/v) GG particles functionalized with Biotin-FITC or 2 mL of 5% (v/v) GG particles without 

the functionalization was added to the wells. After 72 hours, the cells were analyzed by flow cytometry 

and by TEM. 

 

2.2.4.2. Effect of GG Particles in hKCs Proliferation 

After analyzing the results of the release assays with 10 µg of KGF incubated on the particles, 

having a maximum release of 5 µg after 72 hours, the concentration of 10 ng was chosen to proceed 
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with the in vitro assays, as was already proven to be effective [35]. Particles without KGF were used as 

control condition. 

For the particles with KGF, they were incubated with 20 µL of KGF and 80 µL of KSFM, overnight 

with agitation at 37 ºC. While the ones without the KGF were incubated with 100 µL of KSFM, overnight 

with agitation at 37 ºC. After, they were centrifugated for 10 minutes at 12.3 g the supernatant was 

removed and were resuspended in 10 mL of KSFM.  

Human KCs at density of 7.4x104 cells/well, were plated on a 24-well plate and cultured for 24 

hours in KSFM and ROCK inhibitor at 37 ºC in humidified atmosphere with 5% CO2. Then, the medium 

was discarded and 500 µL of 5% (v/v) KGF-loaded particles or 500 µL of 5% (v/v) GG particles without 

KGF in KSFM was added to the wells. Control wells with KGF-loaded particles and without cells were used 

to assess the amount of KGF released to the culture medium. After 72 hours, the medium was saved to 

further be analyzed by ELISA, some cells frozen to -80 ºC for the DNA to be quantified and other were 

fixed and placed at 4 ºC to see if proliferation and receptor markers were present.  

 

2.2.5. Migration Assay 

For the migration assay, culture inserts 2 well 24 ibiTreat, µ-plate 24 well were used to mimic 

the wound gap in a real scenario. In this sense, the effect of CM from hKCs and hASCs direct co-cultures, 

respective monoculture controls and GG particles were tested. Furthermore, in order to validate the 

contribution of KGF in the observed outcomes, Keratinocyte Growth Factor Antibody (KGF ab; Fisher 

Scientific, USA) (0.6 µg/mL), was included and additional wells with this antibody and CM mentioned 

above were tested. 

The assay was performed according to manufacturer’s instructions. In detail, 7x104 hKCs were 

plated by adding 70 µL to each well of ibidi insert in KSFM and ROCK inhibitor, at 37 ºC in humidified 

atmosphere with 5% CO2. After 24 hours, ibidi inserts were removed, carefully washed with PBS, and 250 

µL of medium from the conditions mentioned above were added.  

This migration assay was monitored immediately and up to 20 hours by live imaging using an 

Inverted Microscope with Incubation (Axio Observer, Zeiss). Images were acquired every 30 minutes and 

processed with ZEN 3.1 (blue edition) software (Zeiss, Germany), and the closure of the wound gap was 

analyzed by beWound software (Biomedical Engineering Solutions Research Group, University of Minho, 

Portugal). 
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2.3. Methodologies for Particles Characterization and Analysis  

2.3.1. Dynamic Light Scattering (DLS) and Zeta Potential (ZP) 

The determination of the average hydrodynamic diameter, polydispersity index and surface 

charge are crucial for proper characterization of the particles, and for that, dynamic light scattering and 

zeta potential measurements were performed. In DLS, a monochromatic beam of light scatters in all 

directions creating fluctuations due to the Brownian motion of the molecules in solution, and in 

conjugation with the Stokes-Einstein equation, the particle size can be determinate [36,37]. Zeta Potential 

is a key parameter that controls the electrostatic interaction in particle dispersions by using the technique 

of micro-electrophoresis, which can be employed for understanding the physical stability of the 

suspension [38]. Laser Doppler electrophoresis is used to measure small frequency shifts in the scattered 

light that arise from the movement of the particles in an applied electric field, and then, calculating ZP or 

surface charge [38]. 

Briefly, 1 mg of GG particles were resuspended in 1 mL of ultra-pure water (UP; Milli-Q Direct 16, 

Millipore) then placed on a cuvette (Sarstedt, Germany) carefully to avoid the formation of bubbles. 

Zetasizer Nano ZS (Malvern Instruments, UK), using the parameters of temperature 25 ºC and dispersant 

water the size and polydispersity index were measured. For the surface charge determination, the 

parameters were the same but on the cuvette was placed on top a Folded Capillary Zeta Cell (Malvern 

Instruments Inc., USA). 

 

2.3.2. Scanning Transmission Electron Microscopy (STEM) 

Scanning transmission electron microscopy (STEM) is a powerful and indispensable microscopic 

method that allows to study of materials at atomic resolution [39]. The principle of this technique works 

on the same basis as the normal scanning electron microscopy (SEM), by forming a focused beam of 

electrons that is scanned across the sample [40]. The difference is the sample is thinned such that the 

majority of electrons are transmitted, and the scattered electrons detected helps forming an image without 

any carbon support film or treatment of the sample [39,40].  

Herein, the samples were diluted at 0.5 mg/mL in UP water followed by a further dilution of 1:20 

and placed to dry on copper grids (TED PELLA Inc., USA) for further observation. Particle size and 

morphology were analyzed with a High-Resolution Field Emission Scanning Electron Microscope with 
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Focused Ion Beam (FIB-SEM) (AURIGA COMPACT, ZEISS, Germany), with an acceleration voltage of 20 

kV and magnification of x50.00 k. 

 

2.3.3. Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) provides images of the ultrastructure and organization 

of the components of tissue, cells and organisms [41]. A fine electron beam is created by a high-voltage, 

electric current-heated tungsten filament, focused by magnetic lenses. The electron bean passes through 

an ultrafine plastic section where the tissue and cellular components are fixed [42]. The electron-electron 

interactions between the beam and the sample transform the electrons into scattered or unscattered 

electrons, that are focused with magnetic lenses and then projected on a screen to generate a shadow 

image of variable darkness based on the density of unscattered electrons [41,42].  

In this work, the cells were washed with PBS 1X and fixed with 2.5% glutaraldehyde and 2% 

paraformaldehyde in 0.1 M sodium cacodylate buffer (pH=7.4) for 20 minutes. With a cell scrapper, the 

cells were removed from the wells and transferred to a falcon. Samples were then processed at Histology 

and Electron Microscopy unit at i3S (University of Porto) and were visualized under a Transmission 

Electron Microscope Jeol JEM 1400.  

 

2.3.4. Protein Quantification 

In order to quantify the amount of BSA and KGF released at each time point, Micro BCA ™ Protein 

Assay Kit was performed according to the manufacturer’s instructions (Fisher Scientific, USA). Micro BCA 

assay is a common method to measure proteins in solution from 0.5 µg/mL to 10 µg/mL and when a 

protein is placed in an alkaline environment containing Cu2+, the peptide bonds of the protein react with 

Cu2+ atoms, leading to the reduction of Cu2+ to Cu+, within the complexation sites of the protein [43]. 

Bicinchoninic acid (BCA), the detection reagent, is a sensitive, stable, water-soluble compound and highly 

specific for Cu+, establishing a 2:1 complex with Cu+. This results in a purple stable and highly colored 

complex with an absorbance at 562 nm, which increases proportionally to the protein concentration [43]. 

Briefly, standards were prepared at concentrations ranging from 0 µg/mL to 20 µg/mL in NaCl, 

pH=7.4. In each well of 96-well plate, 150 µL of standards or samples, and 150 µL of working reagent 

were added. The plate was sealed and incubated for 2 hours at 37 °C. After the incubation time, the 

plate was left to cool at room temperature and then, the absorbance was measured at 562 nm in a 

microplate reader (Synergy HT, Bio-Tek). The protein concentration of each sample was calculated from 
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the standard curve which relates the protein (Bovine Serum Albumin) concentration with the absorbance 

intensity. The assay was performed three independent times for each approach. 

The entrapment efficiency, was calculated by the following equation: 

 

𝐸𝑛𝑡𝑟𝑎𝑝𝑚𝑒𝑛𝑡 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
(𝑇𝑜𝑡𝑎𝑙 𝑜𝑓 𝑃𝑟𝑜𝑡𝑒𝑖𝑛−𝐹𝑟𝑒𝑒 𝑃𝑟𝑜𝑡𝑒𝑖𝑛)

𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑜𝑡𝑒𝑖𝑛
× 100 (Equation 2.1) 

 

Where the total protein corresponded to the concentration initially incubated in the particles and 

the free protein to the concentration found in the supernatant removed after the incubation of the protein.  

The concentration released by the particles was calculated taking in account the percentage of 

the entrapment efficiency, using the following equation: 

 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑅𝑒𝑙𝑒𝑎𝑠𝑒𝑑 (%) =
𝑀𝑖𝑐𝑟𝑜 𝐵𝐶𝐴 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 

𝐸𝑛𝑡𝑟𝑎𝑝𝑚𝑒𝑛𝑡 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
× 100    (Equation 2.2) 

 

Where the Micro BCA concentration corresponded to the values obtained from the standard 

curve. 

 

2.3.5. Enzyme-Linked Immunosorbent Assay (ELISA) 

Enzyme-Linked Immunosorbent Assay (ELISA) is a powerful assay used for the detection and 

quantification of soluble substances such as proteins, peptides, antibodies, and hormones. The antigen 

(target macromolecule) is immobilized on a solid surface (microplate) and then complexed with an 

antibody that is linked to a reporter enzyme. The detection is possible with the measurement of the activity 

of the reporter enzyme via incubation with the appropriate substrate to produce a measurable product. 

The most crucial element of an ELISA is a highly specific antibody-antigen interaction [44], making it 

possible to detect a specific protein in culture medium, in opposition to Micro BCA. This assay was used 

to analyze the KGF present in the medium, either released from GG particles in contact with hKCs and in 

the CM recovered from direct contact between hASCs and hKCs and respective monoculture controls. 

Human KGF/FGF-7 DuoSet ELISA (R&D Systems, USA) assay was performed according to the 

manufacturer’s instructions. The wash buffer was prepared by dissolving 0.05% Tween 20 (Sigma-Aldrich, 

USA) in DPBS solution previously filtered. The washing steps were performed three times. The blocking 
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buffer was prepared by diluting reagent diluent concentrate (R&D Systems, USA) in ultra-pure water. 

Briefly, the wells of Nunc MaxiSorp 96-well plate (Thermo-Fisher, USA) were coated with 100 µL of capture 

antibody, overnight at room temperature. The wells were washed three times with 400 µL of wash buffer 

and then, 300 µL of blocking buffer (reagent diluent) was incubated for 1 hour at room temperature. The 

wells were again washed three times and 100 µL of standards diluted in reagent diluent, at concentrations 

ranging from 0 to 2000 pg/ml, and samples with unknown KGF concentration were added to the coated 

wells, in triplicate for 2 hours, at room temperature, so that the antigen from the samples binded to the 

immobilized antibody at the bottom of the wells. After incubation, the washing step was performed and 

100 µL of detection antibody was added to the wells for additional 2 hours, at room temperature, in order 

to bind to the captured antigen. Afterwards, the wells were again washed and Streptavidin-HRP was added 

for 20 minutes, at room temperature, protected from light and washed again. After this, 100 µL of 

substrate solution composed of a 1:1 mix of color reagent A and color reagent B from the kit was added 

to each well and incubated for 20 minutes, protected from light, having a blue shading on the top four 

standard wells, while the remaining standards continued clear. To complete the procedure, 50 µL of stop 

solution was added to each well, and the color immediately changed to yellow. The absorbance was 

immediately read on a microplate reader (Synergy HT, Bio-Tek) at 450 nm, 540 nm and 570 nm, and 

then, the 570 nm absorbance was subtracted to 450 nm for correction of optical imperfections in the 

plate. 

 

2.3.6. Cell Proliferation Assessment  

The assessment of cell proliferation is essential in numerous biological studies, being an 

important indicator of cells health. Fluorochromes that interacts with DNA are commonly used to measure 

the number of cells by quantifying their DNA [45]. Cell proliferation was assessed using a fluorometric 

quantification Kit (Quant-iT™, PicoGreen®; Molecular Probes, Invitrogen, USA). PicoGreen is a 

fluorescence dye that binds specifically to double-stranded DNA (dsDNA). When bound to dsDNA, the dye 

is excited at 480 nm and emits at 520 nm [45]. 

Both hKCs and hASCs co-cultures, monocultures controls and hKCs after contact with GG 

particles-loaded/non-loaded with KGF (see section 2.2.3. and 2.2.4.) were analyzed, and at each time 

point, the samples were washed 2X with PBS and the adhered cells of the cell sheets were lysed by using 

1mL/well of Lysis Buffer and the other cell types with UP water. The Lysis Buffer consists of 10 mM of 

Tris(hydroxymethyl)aminomethane (Tris; Thermo-Fisher, UK), 1 mM EDTA (Sigma-Aldrich, Portugal) and 
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0.2% (v/v) of Triton X-100 (Thermo-Fisher, Germany) on ultrapure water, pH=8 and filtered with 0.22 µm 

filter. The 6-well plate were saved at -80 ºC for at least 30 minutes or until further use. Before starting 

the DNA quantification, the samples were transferred to 37 ºC for 30 minutes, and the process of freeze 

at -80 ºC and thaw at 37 ºC was repeated one more time. The volume of samples of the cell sheets was 

transferred to eppendorfs tubes and placed in an ultrasound bath for 15 minutes without temperature to 

remove all cell content. 

Reagents from the kit were prepared according to the manufacturer’s instructions. DNA 

standards, provided by the kit, were prepared in lysis buffer or in ultrapure water at concentrations ranging 

from 0 to 2 µg/mL for the standard curve. In each well of a white opaque 96-wells plate, 28.7 µL of 

sample or standard (n=3), 71.3 µL of PicoGreen solution and 100 µL of TE buffer were added. Plates 

were incubated in dark for 10 minutes and, then, the fluorescence was read in a microplate reader 

(Synergy, HT, Bio-TEK) with an excitation wavelength of 485/20 nm and emission wavelength of 528/20 

nm. DNA concentration of each sample was calculated from the standard curve, which relates the DNA 

concentration with the fluorescence intensity.  

 

2.3.7. Flow Cytometry 

Flow cytometry is a technique that provides rapid multi-parametric analysis of single cell or 

particles in solution, regarding to the characterization of the surface and intracellular markers expressed 

or not in a certain cell population [46,47]. Each cell is analyzed for visible light scatter and one or multiple 

fluorescence parameters. Visible light is measured in two directions, the forward direction (Forward 

Scatter or FSC), which indicates the relative size of the cell and Side Scatter (SSC), which indicates the 

internal complexity or granularity of the cell [46]. The fluorescence measurement can be through 

transfection and expression of fluorescent proteins (e.g. Green Fluorescent Protein), staining with 

fluorescent dyes (e.g. Propidium Iodide) or staining with fluorescent conjugated antibodies (e.g. CD3 FITC) 

[46]. To label antibodies, fluorochromes are used namely, FITC, phycoerythrin (PE) and allophycocyanin 

(APC). The fluorochrome chosen depends on the laser to be used, where FITC excitation/emission 

maxima approx. 495/520 nm, PE excitation/emission maxima approx. 565/578 nm and APC 

excitation/emission maxima approx. 650/660 nm [47], which can be analyzed in most flow cytometry 

analyzer. 

In order to detect the number of hASCs and hKCs in the co-culture assays (see section 2.2.3.), 

flow cytometry was used as an indirect form to assess that cellular ratio present via the expression of 
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CD90. This antigen is known to be strongly expressed in MSCs cells, and negative in hKCs [48,49]. 

Cellular monocultures of these cell types were used as controls to confirm the full or lack of CD90 

expression. 

To obtain a single-cell suspension, hASCs cell sheet cultured on top of hKCs was dissolved in 3 

mL of 70 µg/mL of Collagenase (Sigma-Aldrich, UK) in α-MEM for 20 minutes at 37 ºC, under agitation. 

While for plated cells, these, were washed with 1X PBS and harvested with 0.05% Trypsin-EDTA. For the 

cell sheet co-culture condition, the dissolved cell sheet and the hKCs were mixed and passed through a 

70 µm strainer. All the conditions were centrifuged at 300 g for 5 minutes, and the supernatant was 

discarded and resuspended in 500 µL of Acquisition Buffer (PBS + 1% Formalin). Each condition was 

divided in two tubes, a control (unstained), and the tubes with cells stained for APC Mouse Anti-Human 

CD90 (BD Biosciences, USA). For hKCs and hASCs, 2 µL of the antibody was used, for the cell sheets 

and the suspension, 5 µL of antibody was used.  

Samples were incubated for 30 minutes, at RT and protected from light. Then 2 mL of PBS was 

added to each tube, and the samples centrifuged at 500 g for 5 minutes. The supernatant was discarded, 

and the cells were resuspended in 300 µL of acquisition buffer. 

All the samples were run in a FACS Aria III cell sorter (BD Biosciences, Belgium) and data was 

analyzed using FACS Diva 7.0 software. Furthermore, flow cytometry technique was used to detect 

internalization of functionalized particles with FITC in hKCs. As described on 2.2.4.1, the 

functionalized/non-functionalized particles with FITC were placed in contact with hKCs for 72 hours and 

then cells were harvested with trypsin and the cell suspension was run in FACS Aria III cell sorter and 

further analyzed in FACS Diva 7.0 software for FITC signal.  

 

2.3.8. Immunolabelling 

2.3.8.1. Immunocytochemistry  

After each time point, samples (see Table 2.1) were washed three times with PBS and fixed with 

1 mL of 10% (v/v) of Formalin (Thermo Fisher Scientific, USA) for 30 minutes at room temperature. After 

fixation time, samples were washed with PBS and left with PBS solution at 4 ºC until use. 

Cellular permeabilization was performed with 0.2% of Triton X-100 for 15 minutes at room 

temperature when targeting an intracellular antigen, Ki67 (abcam, UK). Non-specific binding was blocked 

in all conditions by using Normal Horse Serum 2.5% (Vector Laboratories, UK) and incubated for 40 
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minutes at RT. Cells were incubated with primary antibodies (see concentrations Table 2.1), diluted in 

0.2% of Triton X-100 with a few drops of Normal Horse Serum 2.5% for 1 hour, RT. After that, cells were 

washed three times with PBS for 5 minutes. A secondary antibody was used to bind the primary 

antibodies, for fluorescent detection (1:500) and incubated for 1 hour at RT, washed again three times 

with PBS for 5 minutes. Nuclei cell were stained with 4,6-diamidino-2-phenyindole dilactate (DAPI; 

Biotium, USA) (1:1000) for 15 minutes, protected from light at RT. Samples were washed again to remove 

the excess of staining.  

 

Table 2.1 - Panels of antibodies and conditions used to stain cell cultures by immunocytochemistry. 

 

 

Cells were maintained in PBS until were analyzed by Transmitted and Reflected Light Microscope 

with Apotome 2 (Axio Imager Z1m, Zeiss). 

 

2.3.8.2. Phalloidin Staining  

Cytoskeleton actin filaments were stained in hKCs with Phalloidin-Tetramethylrhodamine B 

isothiocyanate (Phalloidin; Sigma-Aldrich, USA). After fixation, a solution 1:100 of Phalloidin in PBS was 

incubated for 30 minutes at RT, then the wells were washed and maintained in PBS until were analyzed 

by Fluorescence Inverted Microscope with Incubation (Axio Observer, Zeiss). 

 

2.3.9. Quantification of Ki67 Positive Cells 

In order to quantify the number of positive cells for the proliferation marker, Ki67, ImageJ software 

was used to analyze 5 different microscopy images for each condition after immunocytochemistry of this 



CHAPTER II - Materials and Methods 
 

60 

marker (green) and counterstaining with DAPI for the total cell number (blue). Briefly, color images were 

split in the different channels, and then were adjusted with Threshold or Make binary plug in, to separate 

the signal from the background and to obtain a more precise area. Then, the area for the green channel 

was limited with the threshold. Additionally, through the blue channel the number of nuclei was calculated 

using Analyze Particle plugin, to obtain the total number of cells per image. 

The ratio of Ki67 positive cells (Figure 3.7.d and 3.11.d, Chapter 3), was calculated by the 

following equation: 

 

𝐾𝑖67 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 (%) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐺𝑟𝑒𝑒𝑛 𝑁𝑢𝑐𝑙𝑒𝑖

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐵𝑙𝑢𝑒 𝑁𝑢𝑐𝑙𝑒𝑖
× ℎ𝐾𝐶𝑠 (%)  (Equation 2.3) 

 

2.3.10. Wound Gap Closure in vitro 

The closure of the wound gap created in the in vitro migration assay performed in section 2.2.5. 

was analyzed by beWound software. By drawing lines through the gap in every photo, the area between 

each side was given. The wound closure area was obtained using the following equation: 

 

𝑊𝑜𝑢𝑛𝑑 𝐶𝑙𝑜𝑠𝑢𝑟𝑒 (%) =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 Wound 𝐴𝑟𝑒𝑎−𝐴𝑐𝑡𝑢𝑎𝑙 𝑊𝑜𝑢𝑛𝑑 𝐴𝑟𝑒𝑎

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑊𝑜𝑢𝑛𝑑 𝐴𝑟𝑒𝑎
× 100 (Equation 2.4) 

 

The wound was considered completely closed when the percentage of closure was equal to 100.  

 

2.4. Statistical Analysis  

Statistical analysis of data was performed using GraphPad PRISM version 6.0. First, Shapiro-Wilk 

normality test was used to ascertain the data normality. For the quantitative data of the release for both 

proteins, showed a normal distribution and were analyzed by two-way ANOVA (several groups), succeeded 

by Sidak’s multiple comparison test. For the data of co-cultures, the normality was rejected and non-

parametric Kruskal-Wallis test, followed by Dunn’s test for multiple comparisons. The studies using the 

particles in contact with hKCs, the data passed the normality test and were analyzed by one-way ANOVA 

with Tukey’s post- test and unpaired t-test (one group). The normalization data was analyzed by one-way 

ANOVA with Tukey’s multiple comparison test. The microscope data for Ki67 passed normality and were 
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analyzed by one-way ANOVA with Tukey’s post- test and unpaired t-test (one group). For the migration 

assay, two-way ANOVA (several groups) was performed, succeeded by Sidak’s multiple comparison test. 

P values lower than 0.05 were considered statistically significant and the results were expressed as 

median ± standard diviation.  
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3. CHAPTER III. Results and Discussion 

3.1. Results 

3.1.1. Characterization of Gellan Gum Particles 

Each batch of GG particles produced by the technique of double emulsion water-in-oil-in-water 

was analyzed by DLS, which included size, polydispersity index (PDI) and the ZP of the particles (Table 

3.1). 

 

Table 3.1 - Dynamic light scattering parameters: size, polydispersity index and zeta potential. 

 

 

For batch 1, the mean particles size was 206 ± 49 nm, PDI of 0.19 ± 0.02 and the zeta potential 

-43.(2) ± 8 mV. The second batch, the mean particles size was 251 ± 38 nm, polydispersity index of 

0.11 ± 0.05 and zeta potential -59.(7) ± 4 mV. The third batch presented a mean size of particles of 

199 ± 32 nm, polydispersity index of 0.20 ± 0.01 and zeta potential -55.(4) ± 5 mV. Hence, all the 

three batches showed similar characteristics after production. Furthermore, the morphology of the 

particles was analyzed by STEM (Figure 3.1), showing that the particles exhibited a spherical shape with 

sizes smaller than 100 nm.  
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Figure 3.1 - STEM micrograph of gellan gum particles (50 000 x magnification). Scale bar: 100 nm. 

 

3.1.2. Protein Loading/Release Strategies 

3.1.2.1. Bovine Serum Albumin as a Model Molecule  

3.1.2.1.1. Size Effect 

Initially, the release assay was performed using polydisperse particles and particles smaller than 

1 µm (< 1 µm) (Figure 3.2). Both types of particles were incubated with 10 µg/mL of BSA. 

 

 

Figure 3.2 - Quantification of a) the entrapment efficiency (%) and b) BSA released (%) in polydisperse particles (red) and 

particles < 1 µm (blue). Statistical differences: ****p<0.0001. The data is expressed as mean ± standard deviation, n= 3. 
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Regarding the entrapment efficiency (Figure 3.2.a), polydisperse particles were able to entrap 

around 60% of BSA, whereas particles smaller than 1 µm entrapped almost 90% of BSA. The entrapment 

percentage of BSA in the polydisperse particles was significantly lower (p<0.0001) when comparing to 

the smaller ones. The analysis of BSA released (%) over time (Figure 3.2.b) was calculated taking in 

consideration the entrapment efficiency and showed that both conditions of particles released around 

30% of BSA. By comparing both profiles, polydisperse particles released lower percentage of BSA when 

comparing to the smaller particles. 

 

3.1.2.1.2. Lyophilization Effect 

Taking in account the results obtained in section 3.2.1.1.1, particles < 1 µm were then chosen 

to proceed with the next release studies, as they entrapped and released a higher percentage of BSA. 

The effect of lyophilization after incubation of BSA was then performed to assess the best condition for 

the maximum release of this protein (Figure 3.3). 

 

 

Figure 3.3 - Quantification of a) entrapment efficiency (%) and b) BSA released (%) in BSA Lyophilized (pink) and BSA Non-

Lyophilized (blue) conditions. Statistical differences: ****p<0.0001. The data is expressed as mean ± standard deviation, n= 

3. 

 

The entrapment efficiency (Figure 3.3.a) for the chosen particles (< 1 µm) was around 90%. The 

assessment of released BSA (Figure 3.3.b) showed that the condition where BSA was lyophilized released 

around 30% of BSA at early time points and that after 72 hours, 70% of BSA was released. When BSA 
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loaded particles were further lyophilized a significantly higher (p<0.0001) percentage of BSA was 

released, comparing with the non-lyophilized setting. 

 

3.1.2.2. Keratinocyte Growth Factor as Molecule of Interest 

3.1.2.2.1. Lyophilization Effect with pH Variation 

After optimizing the parameters for the entrapment (particles size), the release of KGF then 

performed using particles < 1 µm. The consequence of a further lyophilization after KGF entrapment and 

the effect of the release at different pHs were tested (4, 7.4 and 10) with the rationale of recreating the 

different pHs variations that wounds go through the healing process. The entrapment efficiency and the 

release profile of KGF are depicted in Figure 3.4. 

 

 

Figure 3.4 - Quantification of a) the entrapment efficiency (%) and KGF (%) released at b) pH= 4,c) pH= 7.4 and d) pH= 10. 

For every pH, both Lyophilized (pink) and Non-Lyophilized (blue) after KGF entrapment were tested. The data is expressed as 

mean ± standard deviation, n= 3. 

 

The entrapment efficiency (Figure 3.4.a) showed that around 80% of KGF was captured. 

Regarding the release profile at different pH conditions, a higher amount of KGF was released when 
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particles were lyophilized after incubation of KGF, although not being significantly different from the non-

lyophilized particles. The amount of KGF released at pH= 4 (Figure 3.4.b), was low for both conditions, 

where lyophilized particles released around 50% of KGF and non-lyophilized particles about 40%. At pH= 

7.4 (Figure 3.4.c), both conditions presented gradual release through the 72 hours of study with about 

70% of KGF released. On another hand, at pH =10 (Figure 3.4.d), a burst release of 70% of KGF was 

observed for the lyophilized particles while the non-lyophilized particles released 60% in the first 6 hours 

of study. From that point on, no further release of KGF was observed, and therefore the cumulative 

concentration of KGF was the same. 

A representation of the concentration of KGF released in all the pH conditions using lyophilized 

and non-lyophilized particles, was performed to identify the differences between them at 72 hours (Figure 

3.5). 

 

 

Figure 3.5 - KGF released (µg/mL) at pH= 4, pH= 7.4 and pH= 10 using the conditions Lyophilized (red) and Non-Lyophilized 

(blue) after KGF entrapment at 72 hours. Statistical differences: ***p<0.001. The data is expressed as mean ± standard 

deviation, n= 3. 

 

Within the same pH tested, no significant differences were detected between the 2 conditions. 

When comparing the condition of lyophilized particles, the release at pH= 4 was significantly lower 

(p<0.001) than the release at pH= 7.4 and pH= 10. The same tendency was observed for non-lyophilized 

particles, where the release at pH= 4 was also significantly lower (p<0.001) than the release at pH= 7.4 

and pH= 10. However, no statistically relevant differences were detected between release assays 

performed at pH=7.4 and pH=10. 
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3.1.3. Biological Assays 

3.1.3.1. hKCs and Gellan Gum Particles Direct Contact 

3.1.3.1.1. Particles Internalization 

In order to study the internalization of GG particles by hKCs, particles were initially functionalized 

with biotin-FITC (Figure 3.6.a). Then, hKCs were analyzed by flow cytometry to detect any fluorescence 

signal due to FITC labelled particles (Figure 3.6.b and c).  

 

 

Figure 3.6 - a) Fluorescence microscopy images of GG particles not functionalized with Biotin-FITC (i) and functionalized 

with Biotin-FITC (ii). b) Representative density dot plots of hKCs incubated with non-functionalized particles (i) and 

functionalized particles (ii). c) Percentage of FITC expressing hKCs provided by flow cytometry. Scale bar: 50 µm. 
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As depicted in fluorescence microscopy images (Figure 3.6.a), the functionalization of the 

particles with biotin-FITC was successfully accomplished. While control particles without any 

functionalization, no fluorescence signal was detected, particles functionalized with fluorescent molecule 

FITC displayed green color. 

Flow cytometry (Figure 3.6.b) enabled to assess the internalization of FITC-labelled particles by 

hKCs. A shift in FITC channel was observed with 53.6% of hKCs fluorescent (Figure 3.6.c). hKCs in 

contact with particles without FITC functionalization were used as control. 

Additional internalization studies were performed using transmission electron microscopy (TEM) 

(Figure 3.7) to support the results obtained by flow cytometry. 

 

 

Figure 3.7 - TEM micrographs of hKCs and gellan gum particles (top row) and the control of hKCs (bottom row). The orange 

arrows indicate GG particles internalized by the cells. Scale bar: 2 µm; 1 µm and 0.5 µm. 

 

In the condition of hKCs with GG particles, small black dots (particles), pointed by the orange 

arrows, were present in intracellular vesicles. As expected, in the negative control, none of these particles-

containing vesicles were observed.  
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3.1.3.1.2. KGF and dsDNA Quantification 

To understand how KGF-loaded particles and GG particles alone influenced hKCs during 72 

hours, KGF levels and dsDNA were quantified (Figure 3.8). The concentration of KGF released from the 

particles was also quantified to know the amount of KGF released from the initially 10 ng KGF-loaded 

particles. Moreover, the amount of KGF present in the medium after the contact with hKCs was also 

assessed, in order to understand the quantity of KGF not uptaken by the cells.  

 

 

Figure 3.8 - Quantification of a) KGF present in the medium (Entrapped and Released by GG particles, and KGF Not Uptaken 

by the cells) and b) dsDNA of hKCs in different conditions (Particles with KGF in contact with hKCs, Particles in contact with 

hKCs, control of hKCs). Statistical differences: **p<0.01;***p<0.001 and ****p<0.0001. The data is expressed as mean ± 

standard deviation, n= 3. 

 

The amount of KGF entrapped was assessed after 24 hours of incubation in KSFM, prior contact 

with hKCs, which was around 9 ng out of 10 ng incorporated. From these 9 ng, nearly 8 ng were detected 

in KSFM after incubating KGF-loaded particles for 72 hours without cells, revealing that this was the 

amount of KGF being released to hKCs cultured in the same period (Figure 3.8.a). In parallel, KGF content 

in culture medium after contact of KGF-loaded particles and hKCs (not uptaken by hKCs) turned out to 

be 3 ng. This means that indirectly, the amount of KGF uptaked by hKCs was statistically significant, as 

the amount of KGF not uptaked by hKCs was significantly higher (p<0.0001) than quantity of KGF 

released during the assay. 

The results from dsDNA quantification (Figure 3.8.b) showed that the amount of DNA in the 

condition when hKCs were in contact with the KGF-loaded particles was significantly higher (p<0.0001) 
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when comparing to the particles alone in contact with hKCs and to the control using KSFM. The condition 

of the particles alone in contact with hKCs also showed a significantly higher (p<0.0001) amount of DNA 

when comparing to the control. 

 

3.1.3.1.3. FGFR2 and Ki67 Expression Markers 

The expression of FGFR2 and Ki67 markers was confirmed by immunocytochemistry for hKCs 

when in contact with KGF-loaded particles and hKCs in presence of KSFM (control) (Figure 3.9.a and 

Figure 3.9.c), as well the negative control (Figure 3.9.b). The ratio of Ki67 positive cells (Figure 3.9.d), 

was calculated by dividing the number of green nuclei per number of blue nuclei. 

 

 

Figure 3.9 - Representative immunocytochemistry images of a) the expression of FGFR2 (green), b) negative control and c) 

the expression of Ki67 (green), all for the conditions of KGF-loaded particles in contact with hKCs and the control of hKCs at 

72 hours. Nuclei were stained with DAPI (blue). d) Ratio of Ki67 positive cells (%) of hKCs and hKCs in contact with GG 

particles incubated with KGF. Statistical differences: ****p<0.0001. The data is expressed as mean ± standard deviation, n= 

3. Scale bar: 50 µm. 
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The expression for the markers FGFR2 and for Ki67 (Figure 3.9.a and c) was present for both 

conditions. In the negative control (Figure 3.9.b) no unspecific staining from the secondary antibody was 

detected. 

The ratio of Ki67 positive cells (Figure 3.9.d) showed that in hKCs treated with culture medium 

only 20% of the cells were positive for this marker, in opposition with hKCs treated with the KGF-loaded 

particles that around 60% of the cells were positive. These results showed that the control of hKCs had a 

significantly lower (p<0.0001) percentage of Ki67 positive cells when comparing to the condition of hKCs 

in the presence of the particles and KGF. 

 

3.1.3.1.4. Effect on Migration 

The migration assay was performed by culturing hKCs in a wound healing assay setup with KGF-

loaded particles, particles alone and KGF. The control condition used was KSFM alongside with KGF 

antibody to neutralize the action of KGF (Figure 3.10).  
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Figure 3.10 - Representative microscopy images showing final gaps of migrating hKCs after 21 hours under different 

conditions, n=3. Scale bar: 500 µm. 

 

In the migration assay (Figure 3.11), after the contact of the particles with hKCs, it was observed 

that KGF-loaded particles allowed a significantly faster wound gap closure (nearly 100%), when compared 

to particles (p<0.0001), KGF alone (p<0.01), KSFM (p<0.0001) and KGF particles + KGF antibody 

(p<0.0001) (Figure 3.11). KGF alone promoted a wound gap closure of 70% and significantly higher when 

comparing to the same condition with KGF antibody (p<0.01). In all the conditions that comprised the 

addition of KGF antibody, the migration was similar to the control condition (KSFM), reaching only 50% 

of the wound closure. 
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Figure 3.11 - Migration assay conducted using different conditions with hKCs. Data was analyzed by 2way ANOVA, followed 

by Sidak’s multiple comparison test for: a denotes significant differences compared to KGF particles, f denotes significant 

differences compared to KGF + KGF antibody. The data is expressed as mean, n= 3. 

 

3.1.3.2. hKCs and hASCs Direct Contact 

3.1.3.2.1. Effect on Proliferation and KGF Release 

In order to study the effect on proliferation of hKCs after contact with hASCs, several assays were 

performed. The dsDNA was quantified for the different conditions and time points, flow cytometry was 

used to distinguish the different cell types in co-culture conditions based on phenotypic staining and 

ultimately the amount of KGF present in the conditioned medium was also quantified. In this sense, by 

using the percentage of hASCs from each condition, the values of DNA and KGF were normalized in order 

to understand how the production of KGF was related to the number of hASCs in culture, as hKCs do not 

produce this factor. The results of all the performed tests are presented in Figure 3.12. 
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Figure 3.12 - Quantification of a) dsDNA; b) cellular ratio present in co-culture conditions by flow cytometry: i) control of 

hKCs, ii) control of hASCs, hASCs-CS in contact with hKCs iii) at 48 hours and iv) at 72 hours, hASCs-suspension in contact 

with hKCs v) at 48 hours and vi) 72 hours c) before and d) after normalization taking in account dsDNA and hKCs number 

present in the different conditions. e) Percentage of hKCs and hASCs provided by flow cytometry. Statistical differences: 

**p<0.01; ***p<0.001 and ****p<0.0001. The data is expressed as mean ± standard deviation, n= 3. 

 

Experimental results from dsDNA quantification (Figure 3.12.a) showed an increase of DNA 

amount through time, with no statistical differences within the same condition. These results were used 

as reference for the normalization of further KGF quantification, in order to have KGF concentration per 

µg DNA. 
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Flow cytometry data (Figure 3.12.b) showed an insignificant percentage of hKCs expressing 

CD90, in opposition of 97% CD90 positive. After 48 hours, in the condition of hASCs-CS in contact with 

hKCs, 65% of the cells corresponded to hKCs and 34% were hASCs. At 72 hours, the variation of hKCs 

(52.7%) and hASCs (47%) numbers was observed. When hASCs were in suspension (SUSP) in contact 

for 48 hours with, 75.8% were hKCs and 23.8% were hASCs. At 72 hours, hKCs increased to 85.9% and 

hASCs decreased 13.7%. In Figure 3.12.e a table with summarized percentages is displayed. 

Regarding the quantification of KGF levels present in the CM (Figure 3.12.c), this factor was not 

detected in hKCs monocultures in both time points. On the other hand, KGF was found to increase in the 

conditioned medium collected from either hASCs-CS in contact with hKCs cultures or hASCs 

monocultures, after 48 hours and 72 hours. While in conditioned medium from hASCs-suspension in 

contact with hKCs there was a decrease of KGF concentration between the two timepoints. These results 

were obtained after absolute quantification of KGF present and therefore a further normalization taking in 

account the cell number (DNA quantification) and type (flow cytometry) was performed. 

After normalization of KGF secreted values (Figure 3.12.d), the concentration of KGF through 

time in hASCs-CS in contact with hKCs was practically the same, in opposition to hASCs-suspension in 

contact with hKCs that, along time, this amount was significantly lower (p<0.001). Monocultures of hASCs 

at 72 hours exhibited a significantly increase (p<0.0001) of KGF in the media, compared to 48 hours. In 

fact, at 48 hours, the control of hASCs, produced a significantly higher (p<0.0001) amount of KGF when 

comparing to the conditions of hASCs-CS in contact with hKCs and hASCs-suspension in contact with 

hKCs. At 72 hours, hASCs-CS in contact with hKCs produced significantly higher (p<0.001) amount of 

KGF by comparison to hASCs-suspension in contact with hKCs. The control of hASCs had a significantly 

higher (p<0.0001) production when comparing to hASCs-CS in contact with hKCs and hASCs-suspension 

in contact with hKCs. 

 

3.1.3.2.2. FGFR2 and Ki67 Expression Markers 

The expression of specific receptor for KGF and Ki67 proliferation marker was assessed by 

immunocytochemistry for the conditions above mentioned (Figure 3.13). 
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Figure 3.13 - Representative immunocytochemistry images of a) the expression of FGFR2 (green), b) negative control and 

c) the expression of Ki67 (green), for all the conditions comprising control of hKCs, control of hASCs, hASCs-CS in contact 

with hKCs and hASCs-suspension in contact with hKCs at 48 hours and 72 hours. Nuclei were stained with DAPI (blue) and 

cytoplasm with phalloidin-TRITC (red). d) Ratio of Ki67 positive cells (%) of hKCs and hASCs as controls, and hASCs-CS in 

contact with hKCs, hASCs-suspension in contact with hKCs at 48 hours and 72 hours. Statistical differences: **p<0.01; 

***p<0.001 and ****p<0.0001. The data is expressed as mean ± standard deviation, n= 3. Scale bar: 50 µm. 

 

Both markers – Ki67 and FGFR2 - (Figure 3.13.a and c) appear to be present in the conditions 

of hKCs, hASCs-CS in contact with hKCs and hASCs-suspension in contact with hKCs, at both time points. 

Regarding the condition of hASCs, the expression for neither of the markers was detected. Negative 

controls (Figure 3.13.b) did not show any unspecific staining from the secondary antibody. The two cell 

types showed their typical morphology, while hKCs were rounder and displayed different sizes, hASCs 

presented a spindle-like shape. 

Furthermore, within each condition and between timepoints, no statistical differences were 

observed for Ki67 positive cells (Figure 3.13.d). When hASCs-CS were in contact with hKCs for 48 hours, 

around 60% of hKCs were positive for Ki67 and after 72 hours the percentage decreased to 50%, being 
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non statistically different. hASCs-suspension in contact with hKCs at 48 hours and 72 hours, near 60% 

of hKCs were positive for Ki67 and the control of hASCs did not present any positive cells for this marker 

for both time points. Among the different conditions at 48 hours, hKCs in monocultured displayed a was 

significantly lower number of Ki67 cells than when in culture with hASCs-CS (p<0.0001) and hASCs-

suspension (p<0.001). The same tendency was observed at 72 hours, where hKCs cultured alone 

presented again significantly lower (p<0.001) percentage of Ki67 positive cells comparing to when co-

cultured with hASCs-CS and hASCs-suspension. Overall, the conditions using hASCs in contact with hKCs 

presented a higher ratio of Ki67 positive cells than in monoculture. 

 

3.1.3.2.3. Effect on Migration 

The migration assay was performed by culturing hKCs in a wound healing assay setup with 

different CM recovered after 72 hours (hKCs + CS; hKCs + SUSP; hASCs). The control condition used 

was KSFM, alongside with KGF antibody to neutralize the action of KGF (Figure 3.14). 
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Figure 3.14 - Representative microscopy images showing final gaps of migrating hKCs after 21 hours under different 

conditions, n=3. Scale bar: 500 µm. 

 

After the contact of the different CM with hKCs up to 21 hours (Figure 3.15) it was observed that 

hASCs (CM) allowed a significantly faster wound gap closure (p<0.0001), (nearly 100%), when compared 

to hKCs + CS (CM), hKCs + SUSP (CM), hASCs (CM) + KGF antibody and KSFM (Figure 3.15). The 

conditions comprising hKCs + CS (CM) and hKCs + SUSP (CM) were the second and third condition, 

respectively to promote faster wound gap closure. These conditions were significantly different between 

them and between their condition with KGF antibody (p<0.0001), both conditions were also significantly 

higher comparing to KFSM (p<0.0001). In all the conditions where KGF antibody was added, the 

migration was similar to the control condition (KSFM) (around 50% of wound gap closure). 
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Figure 3.15 - Migration assay conducted using different conditions with hKCs. Data was analyzed by 2way ANOVA, followed 

by Sidak’s multiple comparison test for: b denotes significant differences compared to hKCs + CS + KGF antibody, c denotes 

significant differences compared to hKCs + SUSP, d denotes significant differences compared to hKCs + SUSP + KGF antibody, 

e denotes significant differences compared to hASCs, f denotes significant differences compared to hASCs + KGF antibody, g 

denotes significant differences compared to KSFM. The data is expressed as mean percentages, n= 3. 
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3.2. Discussion 

Impaired production of GFs in wounds can lead to malfunction of different cells that are crucial 

during re-epithelialization, namely KCs. Keratinocyte growth factor is a key player on promoting migration 

and proliferation of these cells and a wide range of strategies aiming to improve its therapeutic efficacy 

have been described [1–27]. In this work in particular, GG particles and hASCs were explored for KGF 

delivery systems.  

The GG particles herein produced displayed a polydispersity index smaller than 0.2, being in the 

range of the values found for a solution of particles to be homogeneous and an indication of a narrow 

range of size distribution according to published guidelines [28]. The associated changes in values (from 

-59.70 mV to -43.20 mV), indicated that the formulation was stable according to the standards of literature 

[29]. The negative values observed could be related to the contribution of glucuronic acid, a weak acid 

present in the GG structure [30]. When comparing the sizes obtained by DLS and STEM, the sizes of the 

particles in DLS were larger. The difference in sizes could be explained due to the requirement of vacuum 

in STEM technique, because without it, the electrons aiming at the sample would be deflected, and for 

that, the liquid present in the sample evaporated [31]. The evaporation of the liquid led for the particles 

to be dried, and therefore smaller when compared to the particles in solution measured by DLS. This was 

in accordance to the literature, where DLS results typically showed larger sizes than the ones found with 

microscopy techniques [32]. In this way, the sizes using both techniques could not be compared, and 

STEM was used to confirm the spherical shape of GG particles.  

Bovine Serum Albumin is known to be a standard protein (66 kDa) used in several experiments, 

due to its similar properties, molecular weight and amino acid sequence to human serum albumin [33]. 

Release assays using BSA demonstrated that polydisperse GG particles, less protein was entrapped than 

the condition where particles are filtered ensuring a size smaller than 1 µm. This was possibly related 

with the presence of aggregates in the non-filtered condition as in this one, the surface area was smaller 

and that, according to the literature, particles comprising lower surface area have naturally lower reactive 

surface sites for BSA to bind to GG particles [34]. Particles with subsequent lyophilization, BSA release 

was significantly higher, since this freeze-drying technique is known to allow the creation of new porous 

that can directly enhance the release process [35]. The pH is highly dependent on physiologic state of 

the skin. In normal skin the pH varies between 4 and 6, while in healing and non-healing wounds the pH 

is normally between 7.15 and 8.9 [36,37]. Release assays using KGF in different pHs, demonstrated that 

depending on the pH, the amount of KGF as well as the associated release profile varied, which can be 
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justified by the charges inherent to GG and to KGF. Gellan gum pKa is 3.5 and this value is essential for 

understanding chemical reactions, revealing the protonation state of the molecule in a particular solvent 

in a certain pH, meaning that all pHs above the value of pKa GG is deprotonated due to the dissociation 

of the carboxylate residues and the surface negatively-charged, pHs bellow GG is protonated and 

consequently the surface is positively-charged [38–40]. On the other hand, KGF (18.9 kDa) presents an 

isoelectric point (pI)=9.29, which is the pH of the solution where the net charge of KGF becomes zero 

[41–43]. For pH=4 and pH=7.4, the KGF in solution has predominantly positively-charged surface, since 

it is below the pI, demonstrating attractive interactions to negatively-charged surfaces of GG [42]. At 

pH=10, most of KGF surface is negatively-charged, exhibiting repulsive interactions to GG particles [42], 

therefore not presenting a sustained release, but instead a fast burst release in the first 6 hours was 

observed [44]. Particle-based systems have been used for consecutive and long-term administration of 

drugs/growth factors suitable for treatment of wounds [45,46]. The delivery of KGF by GG particles led 

to higher proliferation of hKCs also confirmed by the higher percentage of hKCs expressing Ki67 

proliferation marker, which meets similar administered systems of particles produced with other materials 

[25,27]. The migration of hKCs when using KGF-loaded particles was significantly enhanced to a greater 

degree than KGF alone. This could be attributed not only to a protection of KGF degradation by the 

encapsulation process in the GG particles, but also by a cumulative effect of the internalized particles per 

se, as in this condition alone hKCs also migrate faster. These observations go in line with data from 

another study, where fibrin nanoparticles with entrapped KGF, lead to a stabilization of KGF and an 

enhancement of hKCs migration in vitro [20]. Additionally, the reduced stimulatory activity of KGF in 

keratinocyte migration in the presence of neutralizing antibody against KGF, supports the hypothesis that 

KGF released by the particles was exhibiting a motogenic and mitogenic effect in hKCs, as observed in 

the literature [1]. Furthermore, the enhanced impact on migration and proliferation of KCs by GG particles 

alone, could be related with the effect somehow promoted by the process of cellular internalization of the 

particles. Different mechanisms have been described and recently reviewed [47], nonetheless no specific 

studies on this topic were herein conducted.  

Mesenchymal stem cells are known to promote tissue regeneration and to release GFs [48,49]. 

Adipose-derived stem cells have been one of the most promising stem cells population known to be 

capable of secreting numerous GFs and cytokines, including KGF, that are critical for wound healing 

[50,51]. Using two different methodologies to promote proliferation and migration of hKCs, hASCs were 

used in co-culture with hKCs, as cell sheets and cell suspension. Through time, hKCs were not able to 

produce any KGF since, as has been described, it is solely produced by various types of stromal cells but 
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not by epithelial cells [52]. Through time, hASCs-CS did not present differences of KGF secreted values, 

in contrary to hASCs-SUSP, which showed to decrease. This could be related to the fact that the 

percentage of hASCs in CS form was practically the same as the one for hKCs after 72 hours, in contrary 

to the hASCs in suspension form that decreased while KCs increased, suggesting that more cells were 

consuming KGF comparing to the ones producing this GF. The specific receptor for KGF showed to be 

expressed on hKCs and not on hASCs, because despite being low expressed on mesenchymal cells, it is 

not located on hASCs, but is highly expressed on epithelial cells, namely on hKCs [53]. The mitogenic 

effect of KGF on hKCs was detected on the conditions in contact with hASCs, where hKCs showed to be 

highly proliferative [54]. The migratory stimuli by the CM of hASCs, CS and SUSP have shown to be in 

accordance to the expression of KGF present in the media, where through a paracrine release of KGF 

supported the migration of hKCs, not needing cell-to-cell contact [16]. The neutralization of KGF partially 

inhibited the inductive effect of migration, being similar to the migration found in the control. These results 

could be a suggestion of the implication of additional growth factors such EGF (known to induce KC 

migration and present as a supplement in the medium in control conditions), together with the fact that 

small concentrations of EGF are normally produced by hASCs [55–57]. 

Overall, these studies using either KGF-loaded particles or hASCs potentiated the migration and 

mitogenic activity of hKCs in vitro, being possibly a therapeutic strategy for wounds with impaired re-

epithelialization. 
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CHAPTER IV. General Conclusions and Future Work 

 

Upon skin injury, wound re-epithelialization is one of the major milestones of the healing process. 

This is especially difficult to achieve on hard-to-heal wounds that are often open for long periods, as the 

dysregulation of the growth factors involved in this response contributes for an impaired proliferation and 

migration of KCs. KGF plays a central role in this problematic, as it is a potent factor that in the normal 

healing scenario promotes direct proliferation and migration of epidermal cells, consequently impacting 

re-epithelialization. 

In this thesis, GG particles were developed to enable a controlled and sustained release of KGF 

using different pHs, aiming to induce wound regeneration. During healing cascade, wounds pass through 

different states that have different associated pH variations. Therefore, by adapting these release profiles 

for specific pHs, a better healing could be targeted. The proliferation and migration of hKCs was increased 

in the conditions treated with KGF-loaded particles, as well as with particles alone, possibly due to the 

associated internalization of GG particles by hKCs, when compared to control conditions. Overall, these 

results suggested that the developed delivery system is likely to be more effective than the administration 

of KGF in free form, as a small dose released in a controlled manner showed to be efficient under this 

context. As an alternative approach, previous works have shown the involvement of hASCs in the re-

epithelialization through KGF effect. By either using hASCs in cell sheet and suspension forms, hASCs 

showed to be natural producers of KGF, inducing an improvement of proliferation and migration of co-

cultured KCs. Both strategies, either using KGF delivery from a natural source or via the KGF-loaded 

particles, promoted in vitro proliferation and migration of hKCs, necessary for wound re-epithelialization.  

The use of GG particles encapsulated with KGF may help solve one of the major shortcomings of 

drug delivery, namely the growth factor stability, sustained release and prolonged activity of KGF. While 

hASCs-based strategies can be explored taking advantage of their KGF production capacity, as well as 

other important features for wound healing. The study of the internalization process of GG particles 

deserves attention in order to unravel the contribution to hKCs motogenic activity. Alongside, the use of 

human skin ex vivo models or excisional wounds in rodents in vivo models would allow the validation of 

the produced KGF-loaded particles and hASCs-CS over the re-epithelialization process. Moreover, the 

incorporation of additional factors relevant for the cutaneous healing process opens the possibility of a 

multi-factor sophisticated system to target the different phases more efficiently, going beyond the 

proposed target of re-epithelialization.  


