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Chapter I. Introduction

During the last two decaddse understanding of the role of stem cells in tissue regeneration and
homeostasis has been a promising but challenging &sekn cells werence considered a
potential supply for numerouggenerativanedicineapplications;however,stem cells are nhow
subject to scientific debate due to how they are sourced, and the risks related to their differentiation
method. Althoughstrategiehave been developed to overcome some of the challpogesd by

the use oémbryonic and fetal stem cells, adult stem cells leavergedasanattractive alternative

due to their limited capacity to differentiate and their relatively singolationmethod.

Adult stem cells are multipotent stem cells that only differentiatelidines related to the tissue

in which they reside. Torpservethe stemness of the cells throughout the life cycle of the tissue,
adult stem cells are located in highly specialized microenvironments known as stem cell niches.
These niches use physieald chemical cues to maintain a healthy environment in which stem cell
activity can be regulated according to the regenerative profdadaf spcific tissue. For example,
tissues with high regenerative profiles such as the epidermis, cornea, or entesfire a
continuous replenishmeanf cells to supply their sellenewal cycleor in case of injury.

In human skin, there are two defined stem cell microenvironments in the form of the hair bulge
andat the bottom othe ridged topography between thedggmal and dermal layers known as rete
ridges. The rete ridgeme microstructures with an average size of 50 um in depth to 400 pum in
width. These microenvironmertawve been studied for their rolekeratinocyte stratification and
regeneration of the efermal layer The effects of losing this structure due to agingkam injury

can limit or impairthe healingprocesg1], [2].

In recent years, several attempts have been made to study these stinctutes using
microfabrication techniques. The first attempts of studyiagiells on rete ridgkke structures

were performed by creating undulating surfaces on solid surfaces. However, this approach neglects
the effect of the 3D fibrous extracellular environment present on native tswedevelopments

in tissue engineerqh and microfabrication have led to the introduction of complex
microtopographies on hydrogels and fibrous scaffolds, with both approaches aimimgi¢adhe

nano and macro components of the rete ridges.



Another key issue to consider when working on sksue engineering applications
vascularizationin fact, construct vascularizatios often a challenge that hinders tissue viability

due tothe resultindack of nutrients on the newly formed tissMareover, he lack of vasculature

is often followedby rejection or infection of tissue engineered construgtklitionally, other
pathological conditionsuch as chronic inflammation can alter #ascularizatiorprocessluring

wound healingFabrication of a multifunctional device that can introducecstmal cues while
improving vascularization is a challenging but attractive strategy for skin tissue regenditaion.
work presented here has the potential to generairsatile fibrous construct able &d skin
regeneratiorvia the introduction of nativéke topographical cues as well as offering a platform
technology that can release key bioactive agents (e.g., angiogenic compounds) in a controlled

manner.



Chapter I1. Literature Review

1. Superficial and chronic wounds as a health problem

The human skin provides the first protective barrier against environmental factors and is subject
to constant wear and damage related to basic daily activities or unintentional exposure to abrasion,
heat, chemical gagamination, and high energy electromagnetic radiation (UVBg. destruction

of at least 15% of the total surface aaod the skin can become |H#areatening3]. In nature,
incisional wounds are the most common skjaries,and their severitis evaluated by the amount

of tissuethat waslost during the incision These incisional woundsamge from small or
imperceptive injuries in the upper layer of the skin to disruptive weumahich alarge volume

of dermaltissue is damaged and blood supply to the ingicpmpromised.

There are several categories in which skin wounds can be classifi@ir study and treatment
These categories evaluathe causeof the injury (cuts, lacerations, burns, avulsionise skin
layers disrupted by the injury (superficial, partisickness, or futthickness)or the nature ofheir
healing process (cbnic and acuteAlthough all these categories provide useful information about
the wound,categorizing the injuries bguperficial, partiathickness or fulthickness allows
clinicians to describe the damageterms of tissue structui@nd thusearly identify possible
treatment$4]. Superficialinjuries are those that have caused tiss lof the epidermal outer layer
Partiakthicknessinjuries havelost the epidermal layeand a section of the dermeadbmponent
Additionally, full-thickness wounds involve the loss of the epidermal, dermal, and hypodermal

layers, withpossibledamage tahebone in the most severe cafgls



The capacity of a skin wound to regenerate is impot@mmteterminemedium and longterm
treatmentsAcute wounds are defiddoy their capacity to heal completely with minimal scarring,
while chronic wounds heal slowly causing prolonged inflammation, and constant infé¢titsn
estimated that 20 million patients have swgtdrom chronic wounds, having an economic impact
of billions of dollars In the United States only, 6.5 million patients suffered from chronic wounds
[7]. Furthermoreahigh incidereof chronic wounds igsually associated with higprofile public

health problems such as diabetes and obggity8].

In humans, burns are the most extensive forms of acute soft tissue itijatieanoccasionally

result in chronic wounddn someextremecases, burns can lead to deptimarily due to fluid

loss andinfection of the burned dead tiss[i, [9]. Burnscan also be responsibler severe
emotional distresslue to the physical and mental harm cadusg procedural painexcessive
scarringand skin contracturg$0]. Because burns and scalds have the potential to cause extensive
and rapid deep wounds, treatibgrn woundsis a complexprocess that requires specialized
treatmentThe reatmemnof wound caused by burnggendonseverafactors, such as the degree

of burn, and cause of the buthermal or chemicalL1].

The degree of a burn is determined bydbkpth of the damagearea. Firsddegree burns are those
that have causesuperficial thermal irritation, secorttegree burns have damaged the epidermis
and the upper section of the dermis, and finally, tdedree burns have carbonized the epidermis
and destrogdthe demal component. Burns that have caused damage beyonerthal dayer, for

example to bone or muscles, are usually retio as fourthdegree burnfl?], [13].

The world health organizatiostatesthat 180,000 deaths are caused every year by burns, the

majority occurring in developing countriespproximately 67 million fire or heatelated injuries
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were registexdin 2015with 6 million people requiring medical attention for buatated wounds

every yeaf14]i[17]. However, defects resulting from acute burns in adults havesigriéicant

impact in most developed countries due to advances in burn care and social devdib@jmient
contrast, burns are the second most common cause of accidental death in developed countries for

children under five years.

Infants mostly suffer from superficial burns and scalds commonly caused by hot liquids or hot
coals in house kitcherj9], [20]. In the United Kingdom it is estimated that there are 25,000
pediatric cases of injuries caused by burns and scalds pef2i¢arhe treatment of burns in
children requires special consideratiosssaar tissue and skin grafts can overreact and create a
hypertrophic scar and risk impaired mobilj0]. However, he contraction and scarring can be

overcome by accelerating the healing process of the w@2hd

Wound excision and skin grafting are common clinical pcastthat have significantly improved

the outcomes for severe burn patients by reducing the mortality rate and days of hospital stay.
However, the treatment of wounds caused btmrisave two main challenges: The shortaje
autologous skin transplantatiovhen the defect exceeds-60% of the total body surface area
(TBSA); and the drawbacks of conventional (and gold standard) skin grafting techBigc@sse

the skin grafting technique requires the removal of necrotic tissue from the wound sidie, a
thickness or fulthickness transplant of autologous heatthgues taken from the patient or donor
causing donor site morbiditidormally, the autologous skin graft consstff both epidermis and
dermis for the full thickness graft, and the felidermis and upper section of the dermal layer in

the case of the splihickness graff23]i [25]. Furthermore, there acgitical additionalchallenges

specificfor burn injuriessuch asnfection, pain, and hypertrophic scarrif$].



There are specific problems that burned patients face during recewehnyas controlling the
inflammatory responsthat can compromise the regenerative pro¢esk Burns are primarily
healed by the endogenous process of regeneration as other skin inJuréesfore, the
understanding agkin anatomy anthewound healing process is crucial in the context of creating

new dressings and strategibat overcome the challengies optimal skin regeneration.

2. Skin anatomy and composition

The skin is theorgan with the highest surface area in the human body. It servegraeetive
barrier thatreatesan interface between the surrounding environment and the humarabaouasl

as being a sensory organ (temperature, pressure, and pain) and contebByrthesis of vitamin

D after exposure to sunligfit6]. Human skin can be divided into glabrous (hairless skin) and hair
bearing skin. Glabrous skilacks sebaceous glands and hair follicles had a characteristic
grooved surface created with alternating ridges and sulci with unique maokipgernknown

as dermatoglyphics. In conttabair-bearing skirshows sebaceous glands and hair fokif26].

The skinprotects the organs frolnological entities such amicroorganisms and pathogefrom
ultraviolet light, andmechanical, chemicabr thermal disturbancg27]. Structural poteins such

as keratincollagen and elastirgive theskin a toughyet flexible structure thadrovidesresistance

and adaptation during body movem¢28]. Because of its constant exposure to environmental
factors, the skin has developed a healing mechanism that allows for constant regeneration or repair
in the case of traumi@]. Most of the elements that control the regenerative cycle and healing
process of the skin can be found on the dermal and epidermal I@yleescomponents such as

hair follicles, sweat glands, and nails help to maintain and protect thasskiall as playing part

in the regenerative procej&9].



The humanskin is capable ofetairing and regulahg the amount of water that is absorbed and
released. Mis characteristic is highly related to the ability of the skin to thermoregitdaié
through cutaneous nervesensing the surface temperature of the human bo@kin
thermoregulation is also respdolg for cutaneous vasodilation and cutaneous vasoconstriction,
which are autonomic temperaturdlangesagainst aggressive heat and cold environments
respectively[30]. The skin has an average pH of 5 crdatg a protective film thatontains
antimicrobialscalledthe acid mantle This acidicenvironmentin conjunction with its relativdy

dry surfacecontrols the growth dbacteria and fungi coloni@s the skinand creates a homeostatic

barrier[9], [31].

The human skin is composed of two main layers cdlegpidermis and dermig-igurel). In

adult skin, tlese layers are composed of topographical cues, appendages, and approximately 20
differentcell types that give the skin its mechanical, physiochenaeal biological properties and
functions[32]. The average thickness of each layaries depending on the body region and it is
often related to the physical forces and environmental wear to which the area is commonly exposed.
For example, thicker skin can be fouindareassuch as the palms of the hands and soles of the
feet that areften exposed to mechanical wear. This difference in thickness trarslateanges

in the skin anatomy, with thicker skin for example showing an extra lsyatum lucidumin

comparison wittthin skinthatlacks suchalayer[33].
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membrane

~— Dermis

Blood
vessels

Hair root and Hypodermis
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Figurel. Anatomyof human skin. The thremain epidermal, dermal, and hypodertagkrs their

interconnectionsnd componentare highlighted

2.1 The epidermis

The epidermis is the outer, avascular layer of the sWinch is mainly composed of several cell
types thaform a stratified squamous epithelium.iFh20 um thick layer is segmentedoarfive
distinct layersgtratums calledbasale spinosumgranolosumlucidum andcorneunthatprovide
different microenvironments that control cell behavior dictate the highlyefficient renewal
systemof the epidermi$9], [34]. Additionally, each layer presents slayers of cells€xcept for
the stratum basalg that have specific biochemical cues and have a distinctiveimolbe

regenerative cycle of the epidernis].

To ensure a homeostatic balanttee epidermis has an active population of keratinocytes that are
continuously replaakfrom basal cells locatealt the bottom of the epidermal layer. These basal
keratinocytesre often the only ones that divide, and it is their progenyntigrates through the

epidermal layerthatexpossthem to differenbiochemical cues and regulates tlufiferentiaton
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[35], [36]. This regenerative cycle is described in more detail when discussinglltfiarcand

proteic components of the skin (section 2.5).

The interface between the epidermis and delsrasomplex biochemical and mechanical junction
calledthe basement membrane zofidis specialized structurg crucial to anchor thepidermis

with the dermisand tocreate a permeability barrieand control the migration focells and
molecules[37]. Composedf the plasma membrankmina lucida lamina densa and lamina
reticularis; the basal layer of the epidermis attaches to the dermis using anchoring structures called
hemidesmosomes present in the basement mem{@iheTheBM contains stem cells that move

up tothe outer layer to differentiate and support epidermal maintenance and tissue regeneration

[38], [39].

The dermalepidermal junction (DEXonsiss of a network of interacting proteins that reside on
specializedlermal papillae protrusiortalled rete ridgesThese topographicatructuresareonly
present in humans and swjrandcreatemicroenvironmentshatrange from 5@um to 200um in
depth and 5Qum to 400 um in width and haveseveralbiochemical and mechanical functions

related to homeostasis and structural cohesion between the epidermis and3®grBi3], [40].

2.2. Reteridges

The rete ridgesare topographical cues thatlly developed during the mistages of human
gestationThe rete ridges have mechanical and biological functions in human skin, their structure
(Figure 1) increases the contact area between the epidermis and the dermis, improving shear
resistance and creating a more efficient system for nutrient diffusion from the surrounding
microvasculaturg¢40]. The dimensionsof the rete ridgeglay a key role in their functionsfor

exampleas theydecreasé depth as skin agethemicrofeatureghat dfect cell behavior andell
9



proliferation are lost. Morphology of the rete ridges can be disruptedhipgerproliferative
disorders such as psoriasighich have an inverseffect in the morphology of theteeridgesin
comparison with aging, as they batethin and elongatefd], [2]. Additionally, it has been found

that darker skin is more densely packed with larger rete ridges than lighter skin. The average

density of rete ridgesrohuman forehead skin is approximately 82/d], [42].

However,the dimensions of the rete ridges aret im@mogenous among the sKi#3]. Areas
exposed to less friction such as the foreskin, and scalp present wider and shallower microfeatures
in comparison with areas such as, the pabinthe hands that present narrow argbdeteridges

These dimensional differencestbéridgesinfluencethe expression ointegrinsand cytokeratis,

and epidermalstem cell proliferatiorj43] [44], [45]. The 3D microstructuresf the rete ridges

create cellulamicroenvironments that have been studied for their effects irpadlferation and
differentiation focusing onthe high production of nt e g r b JhandbtHeirrglation with

keratinocyteadultstem cells located at the base of the rete rifige$t0], [44].

2.3. The dermis

The dermal layer iscomposedof irregular dense connective tissoeade of fibrous proteins
(collagen and elastinplood vessels, lymph vessels, and specialized ¢&dlidagen is the most
abundant extracellular matrix (ECM) protein of the dermal component with 90% of the dry weight
of the dermig46]. This skin layer is about 1 mm to 4 mm in thickness insd structured in
papillary and reticular layer§he maindifferences between these layers are the arrangement and
dimension of the collagen #s and collagen bundles, and the presence of specific structural
proteinssuch aglastin and proteoglycaf®7]. The papillary dermis is located on the upper section

close tothe epidermalayer;it comprises about 10% of the dermis. The collagen fibrils present in
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the papillary layeare packedtogether to create thicker collagendib about 0.3um to 3 um in
diameter and collagen bundles of less than 10. (Iime lower section of the dermis contains the
reticular layer, which is composed primarilyasftanglectollagen type | fibers of 1dm 71 40 um

in diameterthese filers form bundles about 50 um in diam€iés].

2.4. Hypodermis and aipose tissue

The hypodermis is a highly vascular underlayer composed of areolar and adiposéhtssizn

function ofwhichis insulation and energsource Skin appendages such as hair follicles, sweat
glands, and sebaceous glands are located throughout or interact with multiple skin layers. These
appendages have different functions related to hoenpooduction, wound healing, and stem cell
developmenif23], [49]. Hair follicles stand as multifunctional appendages that generate new hair,
aid in thermal regulatignand work as physiological connections with sensory neurons.
Regeneration of hair follicles is reguldtby melanocyte stem cells and hair follicle stem cells

(HFSCs), located in microniches known as the bulge and the haifb@fm

The main functionof adipose tissués to store energy as lipids andn be found around other
organsand assume different functions accordingly. In mamnaalfyose tissue is dividedtm

white adipose tissue (WAT), and brown adipose tissue (B&1]) Subcutane®IWAT is located

in several regions of the human body such as the deep and superficial abdomen, and gluteofemoral
areasDermal WAT plays a key role in processuch as the hair follicles regeneration cyblH,

andangiogenesif?29], [52].
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2.5. Cellular and proteic components of the skin

Acrossall skincompositionfibroblastsmelanocytesand keratinocytes are the most common cell
types.Keratinocytesand melanocyteare the main cell types of the epidermal lajglanocytes
constitutethe lower layer of the epidermis and provide pigmentation to the skin through the
secretion of melanin, a pigment that also provides protection by absorbing ultraviolet radiation
(UVR), thus protecting the DNA53]. Keratinocytes constitute about 95% of the epidermis
composition. These cells produce a dense cytoskeletal structure of 10 nm composed of keratin that
protects the skin from physical dama@®]. Dendritic cells(Langerhans cellsand sensory
receptos (Merkel cells) arealso present in the epidermis as part of the immune and nervous

systens respectively39].

Keratins are the major structural proteins present on the epidermis. They constitute a subfamily of
heteropolymeric proteins that work as an adaptable scaffold of intermediate filaments. The family
of intermediate filament (IF) proteimnsdivided into sixdifferent types of 10 nm structural proteins.
Type | and type Il IF proteins are constituted by 28 and 26 different keratins, respectively. Keratins
play a key rolein protecting epithelial cells from mechanical and -noechanical stresses,
regulating cdlgrowth, migration, and differentiatidb0], [54], [55]. The expression of keratin in

the skn is not homogenous. The stratified composition of the epidermis has characteristic keratins
and other protein marketisat modulate cell behaviar a process called cornification (defined by

the formation of corneocytef)6]. Figure2 shows the characteristic keratin expression patterns

of the epidermis. Disturbances such as wound healing, hyperproliferative diseases, or infection can

alter or induce the expression of spiedteratins such as K6, K1&nd K17[57].
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Figure2. Characteristic &ratin expression patteimthe human epidermis.

In the epidermal layer, stem cells can be found indtnatum basalend thedermal BM playing

a key rolein the maintenance and repair of the upptratuns. Epidermal gem cells(ESC)and
keratinocyte stem cellare capable of expressing high levels of integrins and adhere to collagen
type IV, and fibronectif45]. In normal conditions, these stem cells consist of up to 10% of the

basal layer.

The lower dermal layer fibroblasts are responsible for the production of rich collagen and elastin
ECM, which contributes to the strength and flexibility of the sjdd], [34]. The ECM plays a key
rolein cellular development, signalingnd organization, this complex structure controls cellular
behavior through biochemical cues that mediate cell adhesion, cell migration, and cell
differeniation [34]. ECM composition includeproteins, proteoglycans such as heparin and
chondroitinsulfate and glycoproteir{8]. The ECM produced in the skin éspecially rich in
glycosaminoglycans (GAGs), such as hyaluronic acid (HA), that pta important role in

controlling hydration and moistud4].
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Collagens are a family of proteins that compose about 30% of the total protein mass in mammals.
Coll agens consist of polypeptide U chains tha
resist high strain deformatiom the human dermis, dermidbroblasts syntheze, maintainand

organize collageid6]. Although there are 28 types of collagen reported in vertebrates, Collagen

type I(COL1)is the most abundant in humans, with typd@OL3)and IV (COL4) being critical

for the mechanical properties of the s[a8].

COLli s composed of tnsthatddehte thencharacterigic tlip2 hetixstaucture

due to interactions between its characteristic amino acids: proline, hydroxyproline, and glycine.
Generally,COL1 molecules pack together to form fibrils with an average diameter of 5@00n

nm and dength of 300 nnj59], [60]. Specific sequences of the collagen fibrils pronuetiéular

proliferation and differentiation du® their chemotactic natufgl1]. COL4 is a unique type of
collagencomposedfsi x di stinctive U chains only expres
COL4U2 are present in the BM oftocertaivtissues,lsuch i S s u e
as COL4U5 and COL4U6 [R]oThe chdmial Ehdfacteristicstoh@OL4s k i n

produced a nofibrillar sheets that works as a scaffold for protein deposj68ih

Adiposederived adult stem cells (AdSCs) are mesenchymal stem cells present in the subcutaneous
WAT. AdSCs are considered important for the skin regeneratioregsodue to their role in
secreting growth factors such as basic fibroblast growth factors and vascular endothelial growth
factors[64]. Other sources of stem cells in the human skin include hair follicles (melanocyte stem
cells and HFSCs), and sebaceous gland stem [88]s[40]. Understanding the relation of all

these structural, cellular, and biochemical components of the skin is critical when studying stem

cell behavior and the effects of altering the stem cell microenvironment.
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3. The gem cell microenvironment

Stem cells are vital for the regenerative cycle of human skin. In general, stem cells are
characterized by their high capadity self-renewal and differentiation throughout their life cycle.

Early attempts to characterize what defines stem uslslthe er m fA st r o mal cell s
cells that reside in the bone marrow stroma. Since then, stromdlaeseenmisused to describe

stem cells in general. Nonetheless stromal cells only referreéd¢enchymal stem ce[B5].

Stem cellsare classified according to their origlisource into embryonic, fetal, or adult stem cells.

In contrast with embryonic and fetal stem cells, adult stem cells are present throughout the adult
life of the host, but with a limited potential to differentiate, as they produce cells thatedesl ne

to maintain a healthy cell pool in their specific tiss[68, [67]. Adult stem cells reside in complex
microenvironments often referrdd as stem cell niches. These microenvironmentgept the

stem cells as well as provide biochemical, spatial, and mechanical cues that control stem cell fate
[68]. The prototypical components afstem cell nichare shown irFigure3 andcan be grouped

as microenvironmental (spatial distribution, size, physiologicadnd biological cues) or

biochemical (soluble factors, ECM proteins).
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Figure 3. Microenvironmentabnd biochemicatues of a prototypical stem cell niche. Adapted

from Lutolf & Blau [69].

Stem cell fatén adult tissues igoverred by complexchemical and physicahteractions within

their enclosed microenvinmentand by external stimulFigure4 shows the possible outcomes

for stem cell fateThe stem cell niche creates a microenvironmentghaburages closange
interactions and signals such as changes in pH, ECM components, integral proteins, and soluble
factors[70]. The cellular organization that surrounds the niche is also critical to its function as

autocrine angbaracrine signals and c@éll contact influence stem cell activitgl].
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Figure 4. Possible outcomes for stem cell fate. Undifferentiated stem ¢gllg) @re normally
guiescent withintheir niche unless an external cue activates them in response to trauma or
homeostatic regulation. Symmetric or asymmetric division results in differentiated stemecklls (
and is controlled by internal or external cues in thagroenvironment such as stress or loss of

their niche.

The organization of the stem cell niche has been proposed to protect from gene mutations that
could lead to malignant transformatipf22]. In recent years, studies have shown the impact of
deregulated and aged stem cell nidhesvo. However, the relation between the loss or disruption

of the niche and pathologies associated with premature aging, tumorigenesidssaled t

regeneration remains controvergié®], [74], [75].

Tissues that hava high proliferative profile and require and continuous replengttof cells,
such as the epidermis, intestine, hematopoietic systeaorneahave a need for active stem cell

nichesto modulate this high selenewal cyclg76]. In comparison, tissues such as the skeletal
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muscle require a dormant stem cell niche that can preserve aequistsam cell populatiotihat

can be activated under specific conditipri], [77]. The epicgtrmal stem cell microenvironments

of the hair bulge and rete ridges are clear examples of high proliferative niches that provide
physicalprotection and preserve amdifferentiatedstem cellphenotypg78]. Table1 shows a
summary of stem cell microenvironments that have been studied for their importance in tissue

regeneration.

Tablel. Stemcell niches that have been located andistiidh understand and control stem cell

behavior79].
Tissue/System Location Stem cell population Ref
Melanocyte stem cells, hair
Hair follicles [78], [80]
follicle cells
Skin
Epidermal stem cells [81]
Rete ridges
Keratinocyte stem cells [82]
Hematopoietic stem cells
[83]
Hematopoietic (HSCs)
Bone marrow
system Mesenchymal stem cells
[84]
(MSC)
Intestinal stem cells, nen
Epithelium of the small
Small intestine epithelial stromal cells, [85]
intestine
myofibroblasts.
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Epicardial lining

permanent teeth

Dental pulp tissue

MSCs, BMSCs.

Heart Cardiac stem cells (CSC) [86]
Myocardium
Bone marrow mesenchymal
stem cells (BMSC), Cartilage
Cartilage Articular cartilage [87]
derived mesenchymal
progenitors
Corneal limbus Palisades
Eye Limbal epithelial stem cells | [88]
of Vogt
Subventricular zone Neuroral stem cells (NSC) [89], [90]
Radial neural stem cells,
Neural system
Hilus of the dentate gyrus Dentate gyrus neural stem | [91]
cells
Lung epithelium / trachea| Basal cells, club cells, and
Lung [92], [93]
submucosal glands ATII cells
Primary or Human dental pulp stem cellg

[94], [95]

3.1.

The keratinocyte stem cell microenvironment

The alance between differentiation, proliferation and programmedieath of keratinocytes is

critical to maintaimg epidermal homeostasasd regeneratio@0]. The BM contains a basal layer

of proliferative keratinocytesyhich are periodically detaching from the BM and initat a
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terminal differentiation procesknown also as cornificatiofhis keratinocyte differentiation
induces cell migratiortowards theskin surface andreateshe three distinctivetratumsof the
epidermis gpinosim granulosum and corneum. The cell undergoes several morphological
changes controlled by organellar and molecular mechanistiiseventuallytheir cell nucleiis
lost (becoming corneocyteandtheyare shed from the skiB6]. Keratinocyte stem cells (KSCs)
play a key role in epidermal homeostasis and tissue regenaratiogy can generate differentiated

cell linages that build mature tiss{89].

In comparison with the KCS found in the hair follicle, and sebaceous gkedmcation of the
KCS on the BM, specifically within tHease or the tip of theete ridges remairsontroversia[80],
[82], [96]. The epidermal proliferative unit (EPU) model establistieg a single slowcycling
stamn cell in the basal layer produces a column of trearsiplifyingandcommitted cell§39]. The
location of the EPU within theete ridges has bestudied usingtem cell markersuch asntegrin
U &nd b 182], [96]. However, ther markers for cell stemnesisch aKi67, p63 K14, K15 have

been used to study the distribution of the stem cells across tHe@MB0], [97].

Changes in the organization of the rete ridges akler the biomechanical and therefore
biochemicalpropertiesof the skinas the ridges interact with proteins expressed on the DEJ such
as lamininll1l, COL1 and COL498], [99]. Other studies have shown the effect of the rete ridges
on themaintenance of mature Merkel cdbg stem cell§100] and the relation between aging and

flattened ridgeslue to changesimite e x pr essi on of | b 4[101iC103] 4 , coL

A recent study by Hirobet al. theorized a relation between the rete ridges and the melanocyte and
melanoblast populatioeven though there was an increase in the average number of melanocytes

on the rete ridges, the study remantonclusiveand more work is needed to clgrihe difference
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between flat and ridged dermis. The main theory behind this behavior is theghh@dduction

of cytokines and growth factors within the nidhduced the proliferation and differentiation of
melanocytes and melanoblagi®4]. These findings further support the idea that the rete ridges
not only support skin regeneration and homeostatic balance, but that also play a key role in

regulating other processes within the dermis.

4. Skin wound healing

The skin woundhealingprocesss a complex biological response to restore the structural integrity
and function of thelamagedissue[58]. Despite the severity of thecised injury oburn,several
overlapping phases take place duriimg wound healing proceskhe stagesf inflammation, cell
recruitment, matrix synthesis and deposition, epitheitibn, remodellingof the ECM and
angiogenesis are criticédr the regulation antiealing ofskin injuries [25], [105]. The wound
healingprocess is divided intlour main phaseshomeostasisnflammation, proliferationand

remodelling(also known ashe maturationphase)18].

The conventionalskin healing process starigithin the first seconds aftéhe injury with the
homeostasis phaselpon stimulation of sensory neuratihsit trigger pain, cutaneous neurogenic
inflammation promotemicrovascular permeability and initiatdgetformation ofafibrin clot that

plugs thewoundwhile the subsequent stages of healing are initidiee function of this clot is to

shield the damagktissue, staageof cytokines and growth factors, and provide a provisional
interface in which cells can migrate during thgeweration process. This early mixture of growth
factors proves a fAstartingodo signal for sedent

wound sidg106], [107].
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The inflammation phase triggersomocytesandneutrophilsto migrate from the circulating blood

to the wound site. The arrival of neutrophils to the wound has been related to the elimination of
bacteria and the production of girdlammatory cytokines that have a role in the early stage of
fibroblast and keratinocgt migration. Aftermacrophages remove the remagn pathogenic
organisms ECM, and cellular debris in the wound, several cytokines and growth factors are
synthesized to amplify the signals released by platelets and neutrophils, leading to the stage of re

epithelialization[106].

Once fibroblast and endothelial cells have proliferated, platelets regulate the expression of
transforminggrowth factorsbh ( TGFbs) , epi der mal growth factc
growth factors (PDGF|58]. Fibrin, fibronectin and collagen support the structural integrity of

the ECM during the phases of tisgepair. Thanteraction between fibronectin and fibrin creates

a provisional matrix thatllows cell adhesion and migratioduring wound healing. This
provisional matrix is replaceldy fibroblastswith granulatediissue composed of collagen and
fibronectin. Endothetdil cells migrate to the wound side to createmsacularized networkL08],

[109]. In order to vascularize the wound, compggnalingis required to trigger vasodilatation,

the degradation of thBM, andactivateendothelial cell migration and proliferatigh10]. This

critical stage of wound healing is definedragascularization andngiogenesiandis described

in detail in section 5.

As revascularizatiors performedfibroblasts differentiate into myofibroblasts, these cells produce
cytokines and metalloproteinases that remodel the ECM and have an active role in the
inflammatory responsg.08], [109]. Myofibroblastsalsoe x p r M Gmobth muscledictinin

the form of microfilament bundles h e S actih complegsallow contraction and maturation

of the granulation tissy&08]. Production of fibronectin granulatidissue providea vasculature
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thatleads to furthercollagen depositiom the wound sideandcollagen fibrils bundle and cross
link as the new tissue is remode[@@9]. Figure5 shows an overview dheskin wound healing

process with is four main stages

siga | f

Hemostasis Inflammation Migration and Proliferation Maturation

* Vascular * Neutrophils * Re-epithelialization  * Collagen remodeling
constriction * Monocyte * Angiogenesis * Vascular maturation
* Platelet infiltration * Collagen synthesis and regression
aggregation * Lymphocyte * ECM formation
infiltration

Figureb. Overview representation of tkey events of the skiwound healingrrocesshemostasis,
inflammation, migration and proliferation, and maturat{adapted fronDias et al[16]). Each

stage of wound healing requires the activation production of specific cell types and biomarkers.

Although minor skin lesions are healed efficiently during the first or second week, the new tissue
is usually not aesthetically or completely functional. Severe wounds also affect epidermal
appendages that do not regenerate and leave a scar of conmestigf@@6]. The presence of hair

follicles in the wound hsa large impacbn the regeneration of the epidermis, as they act as
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epidermal wound edges and allow for regeneration from these focus points, providing storage of
cells to replace the lost tissue during the injirgsearchers have gagted that the proliferative

capacity of the hair follicles is related to the presence of epidermal sterfi6éllg111].

Scarring is the consequence of the body trying to reconstruct the dhirssgee without the
original composition, and distribution of the collagereftbin the skin. Wound contraction is
characteristic of scarring tissue and is caused by the presence of myofibroblasts that have
developed characteristics of smooth muscle cells, such as the ability of contraction due to calcium
signaling[23], [108]. Myofibroblast contractive nature is relatedcgtoskeletal features that
create strong connections with the ECM. These protein complexes provide a foretre
myofibroblasts to contract and remodel the E[28]. In the case of skin graft$ the dermis layer
remains, interactions in the epiderna@rmal junction promote the -epithelialization of

keratinocytes, increasing the resistance to scarring and wound contfatfipn

Growth factors aressential in the wound healing process, as they activate cell surface receptors
to encourage development, cell differentiatiand cell migration Once thegrowth factor has
reachedts receptor, it transduces extracellular signals to activate intracellular cdrritre case

of wound healing basic fibroblast growth factor FGF), vascular endothelial growth factor
(VEGF), EGF, PDGEFand TGFb lhave active roles in different gias of the regeneration of

damaged tissud 13], [114].

EGF activates cell proliferation, acceleratesepathelialization, andnduces cell migratiomnd
expression of keratin in keratinocy{@d4], [115]. bFGFis a family composed of 23 factors, being
FGF2, FGF7, and FGF10 the most relevant for dermal wound healing. These factors are related

to the formation of granulated tissue gggithelialization, tissue remodeling, and the production of
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ECM components that improves the migration of fibroblasts and the piadwé the enzyme
responsible for the rupture of collagen, collagena&d=-b 1is critical in theinflammabry phase
angiogenesis, repithelialization, regeneratiasf connective tissue. TGB1 has been i de
as an inhibitor in repithelializationand capable of inducing fibrosis, when is overexpressed in

burn injurieg[115].

PDGEF is a biochemical mediator of the wourahling procesthat is released at the time of the
injury and later by macrophages in the wound healing proB&SF is a chemotactic agent for
smooth muscle cells, fibroblasts, neutrophils, and monocifgegxpressionmproves dermal
regeneration, promateollagen synthesis, encourages endothelial migraB@GF alsglays a
key role in angiogenesidy stimulaing the production of angiogenic factors or through the

activation of vascular endothelial celisl6].

VEGFs areafamily of secreted polypeptides that are studied for their role in vascular development.
In humans, VEGHA is one of the maimediators thainduce the appearance of capillaries that
invade the wound and ensure that the healing process maintains a auntientyge gradient

VEGF controls the proliferation and chemotaxis of endothelial cells and induces vascular
permeability whent is released by activated platelets upon injury, promoting the initial stages of

angiogenesifl10], [115].

Clinical conditions such as diabetes, venous hypertension, and immune deficiency can
compromise the endogenous healing prac&be specit challenges of each condition often
require specific pharmacological agents or procedures to aid wound hébdingver, vascular
insufficiency, infection,and acute inflammationremain challengesfor clinicians and tissue

engineering applications.
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Furthermore, wund healing is also affected by the changes in pH, leading to inhibition or
structural changes of some of the proteins involved in the remodeling of the[1i$Zli€0ther
factors such asafcium concentration(a contributorto skin homeostasisand keratinocyte
proliferation and differentiation[118], and oxygen level§119] severely compromisg the
healing proces#Additionally, severe burns also stimulate a stress response and a hypermetabolic
condition. These pathophysiological changksctthe pharmacological response of several drugs

and are keyn the treatment afhronic or acute wound25].

5. Vascularization and angiogenesis

Skin microcirculation consists of two vascular netwofés plexuses), onkcated on the deeper
dermal layers close to the hypoderrfi@ver plexus) and another located close to the epidermal
layer on the papillary dermis (upper plexu§kin microcirculationplays a significant role in
thermoregulatiorhomeostasid)lood pressureand thenflammatory responsé-urthermore, skin
microcirculation allows for nutrient diffusiofrom arteries to small capillaries close to the
epidermis(upper plexus), and otheelevant appendages such as hair bulbs and sweat glands
(lower plexus) Injuries and other conditions such as coagulation disorders, hypoxia, temperature,

and aging can affect skin microcirculatid20]i [122].

Angiogenesis is the growth of blood vessels fromfprened vasculature. T& procesof new
blood vesselformation is uncommon in the human body, occurriagly during the highly
controlled process afvound healingandthe female reproductive cyclélowever,regions that
have experienced an increase in metabolic activity due to poorly perfusktiasts such as cancer
can also trigger angiogene$i3]. The levels of nutrients and oxygen controlled the activation

of angiogenesis. Hypoxic coitidns in tissues activate vascular growth by secreting growth factors
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and chemokinef 24]. Furthermore, edothelial cell proliferation and new blood vessel formation

are key steps of the proliferative phase of wound healing.

Angiogenesis in the skin usually involves the remodelingcaedton of a stable vessel network
from the upper plexus controlled by endothelial cell migrat{sprouting angiogenesi$)25].
Unless angiogenic signalare activated endothelial cells remain dormant under normal
physiological conditions. Sprouting angiogenesas with endothelial cell migratiofrom pre
existing vessels and coordinateanching and sprouting to perfuse the hypoxic tissue to meet the

oxygen demangiL24].

The hypoxic conditions trigger neovascularization by stimulating the release of angiogenic factors
FGF, TGFb 1 , PDGF, a n dendatheli@lFcelld, keratinocytes, fibroblasts, and
macrophagefL07], [126]. After the degradation of the vascuBi¥, pericyte loss and sprouting

of capillariesarefollowed. The sprouting is control by migratory tip cells that guide the new sprout
using VEGF as an endothelial cell chemoattractant. Finally, stalk cells elongate the sprout,
guiescent phalanx cells form the lining of the vessel, and mural cells bevasature vessel with

aBM [107].

Vascularization of the tissue constructsaguiredto provide nutrients and oxygen to the inner
tissue. Infectionloss of functionyejection of the skin subgtite, and necrosis are challenges that
result from an insufficient vascular network. Tissue engineers have explored the use of angiogenic
and prevascularization (also called inosculation of blood vesseds¢gies to aid the generation

of a suitable vasdar networkby decreasing the time needed to vascularize a tissue cofB2Tjct

[128]. Prevascularization techniques aim to create a microvasculature within the tissue prior to

implantation, while angiogenic approaches aim to stimulate the ingrowth of blood vessels in tissue
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constructs from an existing vasculatyie9]. As angiogenic approaches depend on the slow
growth rate of neovasculature (approximately 5unill3)] they are not considered appropriate

for vascularization of large implants. This low growth rate becomes more relevant when
considering that tissue constructs cannot grow beyond the diffusion limit of oxygen of 100 pm

200 pm[128].

Three dimensional scaffolds have been used as effective templates for dermal regeneration when
treating full thickness skin defects caused by burns, chronic diseases, or trauma. When the integrity
of the skin is compromisedhe acceleration of angiogenesisxreaseshe post transplantation
healng time of thin skin grafts and decreagdhe risk ofthe infection improving healing58].
However,as described beforthe ingrowth of newly formed blood vessels is a complex process
that requires the activation of the host microvasculature near the implantation site. After
implantation the surrounding cells of the tissue construct react to the hypoxic conditions and

stimulate the invasion of blood vessels to create a pseudo vascular na@8jrk

6. VEGF: Challenges and novel alternatives

Proangiogenic growth factors such as VEGF or bFGF, are key regulators produced by cells of the
host tissue in respongeinflammation or injury due to the implantation procedriscovered in

1989 by Ferrara and HenZ&B1], VEGFs are a family dive polypeptides that includes VEGF

A, VEGFB, VEGFC, and VEGFD, and pacental growth factor (PLGH132]. VEGFA
(commonlyreferred tgust as VEGF)s the mosbiologically relevanfor its role intheregulaton

of angiogenic activityin several biological process such as embryogenesis, skeletal growth,

wound healing, and reproductive functiqgf©82].
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VEGF gene expression is primarily controlled by oxygen tension viaxiygen sensor hypoxia
inducible factoi(HIF-1) [133]. Once activated, the angiogenic process indusaggalingcascade

that promoteshe growth of vascular endothelial cells from arteries and Vidiag][134]. VEGF

also mediatesunregulated pathological angiogenic activity such as arthritis, metastasis,
tumorigenesis, and ocular neovascularizafit®%][135][136]. The major rolesof VEGF in the
angiogenic process include increasing microvascular permeability, secretion of metalloproteinases,

and inducingendothelial cell migration, survivend proliferatior{137].

Secreted as homodimers, the VEGF family irteravith a group of three tyrosine kinase receptors
VEGFR1, VEGFR2, VEGFR3with VEGFA binding to both VEGFR1 and VEGFR238].
Nonetheless, VEGR primarily binds VEGFR2 to activate endothelial cell proliferation,
migration, and vascular permeability. The VEGGnalingpathway induces the production of
vasodilatory mediators through theciease of nitric oxide (NO[L39]. Once VEGF binds to

VEGFR?2 it goes under an autophosphorylation pratedsactivates the phospholipaSe / pr ot ei n
kinase C pathwagindincreagsthe level of intracellular calcium kghosplatidylinositol-3 kinase

(PI3K/Akt) interactiong[137], [140]. The increase in calcium promotes calmodulin binding on

nitric oxide synthase (NOS) and indudke production of NOThis increase in NO production
promotes adothelial cell survival and vascular permeabifity1]. Figure 6 shows a schematic

representation adhe VEGF family and itsreceptors.
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VEGFR-1 VEGFR-1/ VEGFR-2 VEGFR-2/ VEGFR-3
VEGF-2 VEGF-3

Figure6. Schematic of th& EGF family binding mechanismir he different members of the VEGF
family bind to different VEGFRs. VEGR signallingthrough VEGFR?2 is the main pathway that
activates angiogenic activity. The mature forms of VEGRnd VEGFD can also bind to
VEGFR2. VEGFB is primarily expressed in sletal muscle, cardiac tissue, and BATe other

two members VEGIE and VEGFF are less biologically relevafit40], [142].

Clinical studies have used infusions angctions of VEGF in solution for therapeutic purposes.
Furthermore, applications in tissue regeneration have aimed for the effective delivery of VEGF
through controlled release scaffoldgl3] or tisste engineered construdts44], [145] Complex

delivery systems that use heparin have been proposed to stabilize VEGF when loaded in polymeric

scaffolds[146], [147] however, the process of binding is stiltive early stages of optimization.

However there is controversy about the use of VEGIElinical gplications. Rthologies caused
due to high levels of VEGF such as vascular leakage, vasodilatation, formation of dense but non

functional vessels, and hypotension have limited the use of VEGF in tissue engineered constructs
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[134], [148]. Other studies have raised concerns about extended time of exposure to VEGF, spatial
distribution in the target tissue, gradient concentration, and shoHifea[fL48]i [150]. These
drawbacksin conjunction with a high production cost, have raised the demand for alternatives to
VEGEF in clinical applicationsTable2 shows novel proangiogenic agents that are beingesttal

overcome some of the limitations of VEGF.

Table2. Novel proangiogenic factors that are being studied and integrated into tissue engineering

applications.

Proangiogenic factor | Description Ref

Hh genes, Sonic | Morphogen that regulatesesenchymal/epithelial [151],
hedgehog (Shh) | interactions and stimulad@ngiogenesis characterize| [152]

by largediameter vessels.

Apelin Endogenous ligands of the-@oteincoupled receptor| [153],
APJ present ithe brain, retinaand heart, that [154]
stimulates angiogenic activity in retinal endothelial

cells and myocardial infarction

Extracellular Adiposetissuederived gel use for mesenchymal ste [155]
matrix/stromal cell therapy that has shown angiogenic effects in

vascular fraction | wound healing model.
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Polyphenols (Eg. | Polyphenols have been investigated for their effect{ [156]
Flavonoids, and | theangiogenesis signalingathway through the
phenolic acids) activation of vascular extracellular growth factor

receptors.

Sugars and hormones have been studied by our research group as potential proangiogenic agents
that can be integrated into polymeric scaffditds7]i [159]. Forthis study, 2deoxy-D-ribose and

17-b estradiolwere studiedas promising regulators of angiogenic activity to introduce fibrous
scaffolds Additionally, the use of aloe vera as a natural multifunctional angiogenic compound was

explored further in this thesis.

6.1. 2-deoxy-D-ribose

2-deoxyD-ribose (2dD) is afive-carbon sugar that is produckedvivo by the catalytic action of
thymidine phosphorylase (TP) over thymidi@dDr is a Disomer discover in 1930 mostly known
for its role on DNA structurg160]. The biologic relation between thydine phosphorylase,
thymidine, and thymine with 2dChas been documented by several autfii28], [161], [162]
However the mechanism behind the angiogepotential of2dDr and its derivativess not
completely understoofll63], [164] and remains controversial due to its relation resistance to
hypoxiainduced apoptosis, and metastfis&3], [165]. Recent stueksby our research groupave
shown that uM concentrations are capable of imdpangiogenesis vivo, in vitro, and in arex

ovoassay{166]i [171]. Figure7 shows the chemic#éihearstructure of 2dDr.
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Figure?. Linear chemical structure of 2dDr.

The most accepted theées behind 2dDr angiogenic natuage: 1) the production of VEGF and
interleukin 8 (IL-8) through the increase in oxidative stress due to the production of 2dDr by
enzymatic degradation of thymidine to thymidine via [IR3], [165] and 2) the activation of
NADPH oxidase2 (NOX2) that upregulatesVEGFR2 throughtranscriptionof nuclearfactor
kappaB (NF-a B [161], [169], [172]. The mechanism in which 2dDr initiates endothetiell
migration has been compared with the glucose chemoattractant properties, as in conttiast with

majority of endotheliatell chemoattractants, 2dDr appears to lack a specific cell re¢&p8gjr

In vivo, the catalytic action of TP over thymidine produces the nucleobase thymine, and the sugar
2-deoxyD-ribose tphosphate (2dBP), which can leave the cell after being dephosphorylated
and has been reported as angiogenic when released by macrophagets,@attcancerous cells
[161]. The migration of thymidine into the cell does not require any energy and is mediated through
the salvage pathway that ensures a suitatheentration of nucleotides for the maintenance of
DNA. Therefore, if TP has a constant supply of substrate thymidine, the production of 2dDr

increase$123].
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A comparative study by Yar et al. has compared the proangiogenic effect L and D isomers of
deoxysugars when loaded into chitosan/collagen hydro§E§]. The results showed the
promising effects of 2dDr when compare with its L isomer, fucasé rhamnose. However, the

use of deoxysugars in wound healing may induce micrddmgcal activity fromPseudomonas

aeruginosaas this strain was able to metabel2dDr[157].

6.2. 17b Estr adi ol

17b estradi ol ( Eextyogen(lHgura8jthae phagsa gnaejor mwle & the menstrual
cycle andis also responsible for inducing cardiovascular activity, cell migration, anageaoll
synthesis[158], [173] During the menstrual cyclée lining of the uterus (endometrium) exhibits
angiogenic activity in the form of dense networks of mature blood vessels. This rapid growth of
vasculature in the endometrium is control by the female reproéuysie and the release of sex
steroid hormones. The hormones released during the female cycle activate the endometrium cells
including, endothelial, epithelial, stromal, and immune cells. The proliferative phase of the female
reproductive cycle is charaetzed by an increase of E2 levels that mediate tissue growth. The
secretory and menstrual phases also present a certain level of angiogenic activity, dtt@ough
majority of the angiogenic activity is expressed during the proliferative pAtikeugh mat of

the effects bestrogen orthe skin are associatedith postmenopausal women such as altering
skin thickness, collagen production, elasticity, and water content, they also protect against

photoaging, development of chronic wounds, and reduce the risk of skin fméy4175].
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Figure8. Chemical structure of E2.

Elevated levels of E2 signal the initial expression of VEGF, which is the primary proliferative
factor related towascularization during the female reproductive cytibs], [176] However, he
relation between endothelial cell proliferatiodEGF signaling and E2 has not been fully
characterized. Herve et al. sheshat E2can upregulateVEGFR-2 through the activation of
estrogen r ecept ouskmgaliEViyaniBaR tdodefl7d [17B]Rtudies have
reported that E2 upregulates the production of the VEGF gene in human endometriaV6glls

In vitro treatment with E2 has showanincrease ilNO2 concentration and eNOS expressis0].
Albrechtet al.explored thepotential of E2 to induce proangiogenic activity growth of vascular
endothelial tubes, using human epithelial cells or stromal cells with human nngmet

microvascular endothelial cel$81].

The suitability of E2 in regenerative medicine applications has been explored by Mangir et al. and
Shafaat et alby introducing E2 into biocompatible materials to improve tissue integration for
urogynaecological applicatiofi58], [159]. Pence et al. reported a covalent immobilization of E2

in a collagen based biomater[al75]. Sekiguchiet al. introduced E2 into a gelatin hydrogel to
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induce differentiation of neural stem celtsintro endothelial cell@nd improving motonerve
repair[182]. A study by Toutain et al. explorede use of E2s an alternative to FGF and VEGF
to prevent necrosis on skin flaps (full thickness transplants) by revascularig@8nCrompton
et al. used E2 on a lipopolysaccharide bacterial infection model and repoejgithelialzation,
redudion in local inflammation and collagen depositioji84]. These studies have proved the

feasibility of E2 as a novel proangiogeaiternative to VEGF.

6.3. Aloe Vera

Aloe barbadensigcommonly known asloe verg is a succulent perennial and drought resist

plant known for its biomedical properties as an antioxidant;iaftdimmatory, antiaging and
anticancer ageni85]. Aloe vera(AV) can stimulate cell proliferation thugh the production of

amino acids, that promotes regeneration at the deepest layers of the skin preventing scar formation,
and encourage the production of antibodies and release of growth factors, thus accelerating the

wound healing proce$86], [187].

The composition of AV varies significanttiependingnthe part of the plarthat is extracted and

the technique used to process the whole leaf is critical to determine the potential healing effects.
From the three layers of the AV leaf (gel, fillet, and rind), the gel of the AV has the highest amount
of nutrients and bioactive compounfs38]. Polysaccharides, sugarsdanorganic electrolyte

such as potassium, sodium, zinc, and caladiepresent about 88% of the entire gel composition

[186], [189] Table3 shows the chemical composition of the whole AV leaf.
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Table3. Summary of chemical and bioactive compounds present ifiL8&],[190]i [192].

Class

Compounds

Amino acids

Alanine, arginine, aspartic acid, cysteine, glutamic acid, glycine,
histidine, hydroxyproline, leucine, lysine, methionine, proline,

phenylalanine, threonine, serine, tyrosine, and valine

Anthraquinone

Aloe-emodin, aloetic acid, anthranol, aloin &oinB, anthracine,
anthranon, barbaloin, emodin, ethereal oil, ester of cinnemonic a

isobarbaloin, and resistannol

Carbohydrateg

Lignins, and sugars such as arabinose, cellulose, fructose, fucos
galadose, glucose lactose, maltose, mannose, rhamnose, sucros

uronic acidsand xylose

Chromones

8-C-glucosyt( 2GBcinnamoyl}7-O-methylaloediol A, 8C-glucosyt
(S) aloesol, 8C-glucosyt7-O-methyk(S)-aloesol, 8C-glucosyt7-O-
methylaloediol, 8C-glucosy-noreugenin, isoaloeresin D,

isorabaichromonendneoaloesin A

Enzymes

Alkaline phosphotase, amylase, carboxypeptidase, catalase, cell
cyclooxidase, cyclooxygenase, lipase, oxidase, peroxidase,

phosphoenolpyruvate carboxylase angeroxide dismutase
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Inorganic | Calcium, chlorine, chromium, copper, iron, magnesium, mangane

compounds | phosphorous, potassium, sodium, and zinc

Proteins and | Lectuin, auxinsand gibberllins

hormones

Sterols Cholesterol, campesterol, lupeol d@rditosterol

Vitamins A, C, E, B1, B2,B6B 9, Zarodeneb

Although several components of the AV leaf have been studied individually there is a consensus
that the bioactivity of AV is mainly due to the synergistic interaction of the comp¢L@@f The
antrinflammatory and pain relief effects &V are related to the presenceasfthraquinones
chromone, and the inflammatory mediator of bradykifi®3], [194]. Antibacterial activity of

AV has been anatgd agains$. aureusS. pyogene®. aeruginosaandE. coli. Where maximum

growth suppression was observed Sn pyogenesnd P. aeruginosa[195]. Aside fromthe
conventional topical applicati aloe vera has been rarely used in wound healing. Recent studies
have loadedAV in nanofibrous scaffold$196], and hydrogel films[197], with promising

advantages over the topical route for wound healing applications.

The angiogenic activity of Ahas beem e por t ed a ssitosterol[198]. Havever, tleef b
mechanism behind the angiogenic potential of AV remamdear. The most accepted theory

S U g g e s tswostdrohiaducesfthe gene expressiomeGFand VEGF[198]. Interestingly,

aloin andb-sitosterolhave been studied for their properties to inhibit the angiogenic response of
VEGF and the levels of E2, respectively. Bath o i n-siteserd hate been used to inhibit
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tumor growth of colorectal and breast cancer respectid€9], [200]. This duality of cancer
inhibition and angiogenesis reinfostbe theoryof a complex interaction between the compounds

present in AV.

As discussed irthapter Isection 4 skin wound healings a complex process that requires a
constant exchange obitrients andignalingmolecules to controhephase®f the healing process.
For example, conditions such as infection angaired healing that compromise the integrity of
thesurrounding healthiissuecan be overcome by introducing anticrobials, antinflammatory,

or proangiogenic agents into wound dressings or tissue engineered constructs.

Inducing vascularization is critical fassue engineeringpplicationsandchoosing the appropriate
angiogenic agent tdeliver to the woundideis akeyaspecto improve wound healindgdowever,

the homaterialsand the architecture of theound dressing or scaffofglay a very important role

as well In recentyears, new strategies have been developed to improve skin regeneration. The
current challenges and novel strategies of skin tissue engineering are described in detail in the next

section.

7. Skin substitutes and tissue engineeringpproaches

Limited donor sites and the need for reducing surgical procedures dracourage the
development of tissue engineering matriaed scaffoldsising biocompatible and biodegradable
polymers. The principles of tissue engineering describe the ideal scaffold &sithes capable

of supporing cellular activitieshatdegrads at the same rate as the tissue is being regedehate

the case of skin, the design of an ideal wound dressing aims to imitate the structure and biological
functions of the components of tieCM, while providng a barrier layer of renewable

keratinocytes, and allowing for proper vascularization of the construct. Mechanical strength and
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porosity are also required to enable cellular infiltration and growth, and to provide elasticity and

structual support for skirf34], [58], [201].

Dermal substituteand scaffoldscan be classified according to their composition; as nataral o
synthetic [58]; or according to their biological function as temporary, seenmanent, and
permanenf202]. In comparisn to dermal substitutes or scaffolds, thain functionof a wound
dressingis to cover the wound from external damage, aid in thepithelialization, and avoid
infection. Wound dressings are divided into four groups according to their chemical nature or
bioactivity. These are biological dressings, biosynthetic dressingsjenotimal, and conventional

dressingg$25].

Furthermore, other examples of skin substitutes include Biobrane ®, which consists of 2 layers of
nylon filled with type | porcine collagen, covered with silicof#93]; and integra dermal
regeneration template, which is composed of bovine collagen, chond¥aitifiate in a silicone
lamina[204]. Nevertheless, high risk of infection and difficulty of wound adherence limits the
performance of these skin substitutes. In addition, even though the role of growth factors in skin
wound healing has been investigated, they haveewn included in commercially available skin
substitutes, as cellased skin substitutes rely on the production of growth factors, such as

epidermal growth factor (EGF), from the cells present on the skin subf2ib&ie

Biological dressings are commonly used by clinicians, these include cadaveric allografts and
xenografts. However, their inconsistency in quality, the risk of pathogen transfer, rejection, and
limited supply, are challenges that need to be addressed inggtrese biological dressings. In
comparison, conventional dressings (without antibiotics or drugs) such as silicone sheets or gauze

dressings, are easier to control in terms of consistency and quality, also their availability is higher,
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and their cost gbroduction is lower. The drawback of conventional dressings is that they are used
mostly forthe protection of the wound during -epithelialzation, and they have a tendency of
damaging the newly fored epithelia, as they adhere to the wound surface regedl to be

frequently changef®5].

Biosynthetic dressings are deségito mimic the functiorand thestructure of the epidermis and
dermis, using biomaterials anith some cases loading them with chemical agents to aim the
regeneration of the damatjgssue. Commercily availableproducts can be divided into cellular
dermal matrices including bilayered living cellular constructs (Apligradnd collagen dermal
matrix (Dermagraft); and acellular dermal matrices such as Integra dermal regeneration template

and PolyN-acetyl glucoamine fibrous matri¥206].

Additionally, novel techniques are being developed to exploreutieof both angiogenic and
prevascularizatiorstrategiesusing additivemanufacturing techniques, scaffold designd the
introduction of new angiogenic agents. According to the application, size, and nature of the tissue
engineering construct either prevascularization or angiogenesis could be suitable approaches to
achieve ascularization. However, for most clinical applications, VEGF remains the gold standard

to induce rapid and efficient vascularizatidiable4 shows an overview agstablished and novel

strategies used to achieve vascularization in tissue constructs.

Table4. Overview of techniques and products that have been used to stimulate prevascularization

or angiogenesis in skin ssiitutes.

Approach Product / technique Description Ref
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Angiogenesis

Integré’ Crosslinked

collagen and GAGs

Matridern? bovine

lyophilized dermis

Vascularization achieweby controlling
pore size and interconnectivity. Pore s
between 20 -125u and 2a150 pm

respectively

[129],

[207]

Plasma treatment

Collagenelastin matrix scaffold treate
using plasma surface activation with c(

low-pressure argon/hydrogen

[208]

poly-N-acetyl

glucosamine nanofibers

Nanofibrous scaffolds developed frg

microalgae polyN-acetyl glucosamine

[209]

Bilayer PLLA fibrous| Scaffolds desigedwith ~ 220 and 250 un [210]

scaffold thickness Different fiber arrangements t
create larger pore size scaffolds

Covalently immobilized Porous collagen scaffold prepared with I{ [211]

VEGF (~14 ng) and high (~97 ng) immobiliz¢

VEGF concentrations

Poly (lacticco -glycolic
acid) microsphere

loaded with bFGF

Controlled delivery of bFGF from
microspheres loaded on alginate compo

scaffolds.

[212]
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Adenoviralgene transfe| PDGFD d esl throwghh adenovirg [213],
to deliver growth factors| vector as an alternative topically applij [214]

growth factor in ulcers.

3D printing Laserassisted bioprinting to create sk [215]
substitutes  using  fibroblasts a

keratinocytes on top of Matridef@n

Microfluidics Interconnected microporous gel scaffo| [216]

seeded witHiibroblastsand stem cells.

Pre

vascularization| Vessetforming cells useq¢ Human reconstructed skin combinil [217]

in 3D scaffolds fibroblasts, kerahocytes and endothelia

cells in a collageitGAG-chitosan polymer

Network of organotypi¢ 3D capillary networks of humal [218]
capillaries microvascular endothelial cells seeded i

fibrin hydrogels

A key component in tissue engineering and some regenerative medicine applications is the use of
biomaterials. Biomaterials are natural or synthetic matetii@sare intended to interface with

biological systems to treat, evaluate, augment or replace any function,mrgasue of the body
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[219]. These biomaterials are often exposed to -postessing or specific manufacturing

techniques to aclve certain physicaktructuralor chemial characteristics.

7.1 Polymeric scaffolds

The selection criteria for a biomaterele highly associated with the intendedd application.
However, regarding the tissue or application, biocompatibility, biodegradability, manufacturing
technology, and mechanical properties should be considered when selecting an effective
biomaterial. Due to the composition of the human gkiemost commonly used biomaterials for
dermal replacement and wound healing include: natural human or porcine dermal collagen,
extracted animal collagen, and polyglycolic acid scaff¢®fsl], [206]. These materials share
characteristics digh biocompatibility and fast degradatigthough many polymers have been
proved suitable for wound healing and skin tissue engineering applicatisnsprk wafocused

on studying the use of eitheolg(lactic-co-glycolic) acidor polycaprolactone to creaadibrous

scaffold.

Poly(lacticco-glycolic) acid (PLGA) is a biocompatible synthetic linear copolymer that is
synthesized from lactic acid and glycolic agiigure 9). Poly(lactic acid (PLA) chemical
struct ur e -caroon tha prodgcesadrandlll forms of PLE@RO0]. Different ratios of

these monomersan lead to differeneffectson the mechanical and biological propertasthe

final polymer The amount of methyl side groups present in PLA produces a hydrophobic polymer
that absorbless water and degrades al@aver rate[220]. The degradation profile of PLGA is
mediated by hydrolysis of ester linkages and fsed by itspoly(glycolic acid (PGA) and PLA
monomer composition, which can be metabolized in physiological conditions by the Krebs cycle

[5]. The versatility of PLGA allowsontrolling the degradation rate to meet different clinical
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applications. Other factors that influence the degradation of PLGA constructs include sterilization,

residual solvents, surface properties, temperature, porosity, and molecular[22ight

O

N - OJ

O..--
CHs O

Figure9. Chemical structure of PLGAX represents the lactic aciditmand Y the glycolic acid.

Different ratios between these units give PLGA different mechanical and degradation properties.

In wound healing, the degradation of PLGA in lactate integrates iettythoxic stage of the
healing process. Hypoxic conditions caused a metabolic adaptation in the host, engdheag
production and accumulation of lactic acid, which signals collagen synthesis and defi2a&]pn

[223]. The overexpression of lactate changes the NAD+/NADH ratio increasing the concentration
of NADH metabolite and activating the enzyme collagen prolylhydroxylase. This change in
NADH causes a substrate competition between lactate dehydrogenase 1 (LDADPanidosy!
polymerase, encouraging a transduction cascade that is regulated by ROS. The end products of
this process trigger the transcription of procollagen and VEGF in fibroblasts; and the release of

bFGF and VEGF recept®by endothelial cell§5], [222]i [224].

PLGA and PCL DEGRADATION.
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PLGA has been introduced in several commercial products due to its certification as a
biocompatible material from the Food and Drug Administration (FDA) and the European
Medicines Agency (EMA)5]. Researchers hawesed PLGA to improve the bioactive and
mechanical properties of collagen scaffo]d25]; used as degradable hydrogels, nanoparticles,
fibrous mats, and microspheres, as delivery carriers for bioactive comgéyiN@26], such as
bFGF[227] and VEGH145], [228]; and into composite scaffolds for bof229] and skin tissue
engineering230]. The versatility of PLGA as a drug delivery carrier and its recognition as a
biocompatible, bioresorbable, and bioactive material makes it a promising candidate to design a

wound dressing that cdoe used for clinical applications.

Polycaprolactone (PCL) is a senrystalline linear polymer. The capacity of PCL to be
biodegradable is due to the susceptibility of the aliphatic ester linkage to hyd(Bigsise 10).
The products of the PCL degradation are metabdlby either renal secretion or the tricarboxylic
acid cycle.PCL has been approved by thBA to be used in several drug delivery and medical
devicesApplications of PCL includetut are not limited toesorbable and bioactive sutuf281],
tissue engineering scaffold®32], bone graft substitutg233], and nerve guide conduifg34].
However, the hydrophobitature and low bioactity of PCL have limitedits applications due to

the slow degradation and resorption kice compard to other aliphatic polyeste[235].
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Figure10. Chemical composition of PCL.

Degradation of PCL igprimarily mediated by lipase cleavage of ester gsofipllowed by
intracellular degradation controlled Inyacrophagesnce PCL has a low molecular weight. The
average molecular weight of PCL ranged from 3,000 to 80,000 ¢236]. Total degradation of

PCL can take between two to four years déelpemon the starting molecular weight of thevabe

[237]. Additionally, the rate of hydrolysis on PCL constructs can be altered by introducing lactones

or glicolides via copolymerizatiof238].

In order to overcome the hydrophobic nature of PCL, several strategies have been developed to
functionalize its surfacé induce cell attachment without altering the mechanical properties or
degradation profile of the material. Amorgese techniques, plasma treatment (or plasma
deposition) is one of the most attractive and versatile techniques. Plasma treatment does not require
any chemical crosslinking nor complex activation method to incorporate functional groups into
the surface OPCL construct$239], [240] This technique is based on #wegposuref the polymer
constructo an ionized gas. The nature of the gas would dictate the chemical properties of the nm
coating created on the surfa€®r example, oxygen plasma would generate a hydrophilic surface
due to the deposition of OH groups, whereas fluorine plasma generatdsophobic surface

[241].
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Regarding skin apjgations, PCL has been mostly used in conjugation with natural components
such as collagen, and elag®42]. Howeverthedevelopment ofiltra-thin wound dessing$243]
andthe incorporation of bioactive compouri@44][245] hawe proved that PCL has the potential

to be usd as a noradhesiveandnonabsorbent wound dressing.

In recent years, the introduction of micro and nano topographies within tissue engineering
scaffolds has become more relevant to mimic as lgi@sepossible the tissue structure and cell
microenvironment. Microfabrication techniques have allowed scismtishtroduce complexity
within the scaffolds to study and improve certain aspedtstissue regeneration. Here
electrospinning and microsteréblographywere chosero fabricate tissue engineered scaffolds

with stem cellike microenvironments.

8. Microfabrication for tissue engineering

Microfabrication techniques involve the construction of structures, patterns, or topographies that
range in the nerometric scale (or nanometric for several applications). The first attempts at
controlling and understanding the relation of spatial distribution and cell behavior started with the
introduction of fibrous environments to mimic the EC#46], [247] The most common
fabrication techniques include sdithography, phase separatiomdditive manufacturing, and
electrospinningEach of these techniques provides adxgaes and challengesich as available
materials, versatility for 3D constructs, and production twstonsider when fabricating tissue

engineering scaffold48], [249]
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8.1. Electrospinning: A fabrication technique for fibrous scaffolds

Electrospinning isnadvancd manufacturing procegfrom the electrenydrodynamic techniques
family) derived from the technique known as electrospraying, in which high electrostatic forces
are used to form solid polymer droplets. In comparisidh electrosprayingtheelectrospinning
process generates @is from a range of micro andanometresThe electrospinning process
involves electrohydrodynamic interactions within a liquid droplet to generate a jet, followed by
stretching and elongation to create a fiber. Atlibginning of the electrospinning process, the
liquid is extruded to generate a pendant droplet as a result of the surface tension of the liquid. By
electrifying the dropletthe electrostatic repulsion on the surface charges and deforms the droplet

to findly being ejected250], [251]

The basic electrospinning set up consists of a high voltage source with positive polarity and
negative polarity connected to a grounded collector, and a polymer solution loaded into a capillary
through which a syringe pump woufieedthe liquid to form a pendantajp at the tipgat a constant

and controllable ratR250], [252] Figurellshows a schematic of the basic electrospinning set up.
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Figurell Schematiof a kasicverticalelectrospinningset up

As thependant drop of polymesolution becomes highly electrified by the voltage supply, the
induced chargearedistributed over the surface. These electrostatic forces deformed the drop into
a conical shape known as Taylor cone. The amount of voltage refpirgkds phenomenon is
related to the physicochemical properties of the polymer solution. Oncelthge overcomes the
threshold value of the polymer solution, the electrical forces disrupt the surface tension of the
droplet and create a jet of solutibom the tip that is targetito a grounded metal collector. As

the jet travels to the collector, the solvent evaporates and a nonwoven mat is[&@jed

Organic polymers are the most common materials usedldéstrospinning. To electrospan

organic polymer is necessary to create a dissolution using appropriate solvents to achieve a
homogeneous solution without degradation. The useesktiasic polymer solutions is referred
commonlyto asconventionaklectospinning or solution electrospinning. The success of solution
electrospinning depends on the interactions between the polymer solution and the process

parameters. In general, two main requirements are needed to create electrospun fibers from
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polymer soltion: i) the polymer should hava sufficienly high molecular weight (as low
molecular weight limits the chain entanglement), and ii) a suitable solvent to create a homogeneous

polymer solutior{250].

The paramiers of the electrospinning process play a critical role ierfinorphology and
distribution;thus,its understanding and contiariekey to achieve specific distributions and mimic
the structure of the tissu&hese parameteme classified into solutigrprocess, and ambient
parameters, and separately tieentrol different outcomes in the electrospurefhHowever the
complexphysicochemicapolymerpolymer and polymesolvent interactions (viscosity, surface
tension,conductivity) in both the polymer solution and the tip of the needle, create a dynamic
environment that does not makepossible to standardize a formula for aleatospinning

processef253].

Additionally, because of their high surfaaeea, electrospun fibeare exceptional drug delivery
carriers that enable encapsulation, adsorption, or basic functionalization. Specifically,
encapsulating drugs is an efficient delivery method that commonly releases from the bulk matrix
of the fibersand can be controlled by diffusion/degradation mechanisms of the polymer and the
drug. Moreover, due to the high porosity and pore interconnectivity of the fibrous electrospun,
drugs can diffuse from the construct after relg@84]. Theseadvantages over the traditional
single dosage make electrospun fibers attractive carriers for tteenedslelivery of drugs in

tissue engineered scaffoldi®51], [255], [256] wound dressing$257]i [259], and buccal or

cardiac patchelR60]i [262].

Electrospinning has been used for several applications including nanosensors, drug delivery,

enzyme immobilization, protective military equipment, cosmetic industry, and scaffolds for tissue
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engineering technologie26]. Researchn tissue engineering has explored alternatives to
regenerate tissue by mimicking the fibrous components of the cellular environment. ECM fibers
exhibit diameters between 10 nm and 300 nm, making pogsilteeatebiocompatible filbous
matricesmade from kectrospinning to produce a more complex 3D environmemese fibrous
scaffolds showed advantagescomparison with 2D culturas regard of cell behavioy254].
Although thesenanometricdiameters are difficult to achieve with conventional electrospinning,
fibroblast and keratinocyte migration and adhesion have been reported with the most achievable

fiber diameters of 1.0 um[34], [230].

The high porosity and structural properties of nanofibers have been proved to enhance cell
differentiation, adhesion, and prolifer@i Synthetic and naturally derived materials can be

processed to achieve different physicochemical properties, biodegradability rates, compatibility,
and mechanical strength. However, high molecular weight above the electrospun threshold and

problems withsolubility are challenges in the electrospinning of most natural polyj2&38$

8.2. Stereolithography

The incorporation of novel 3D micradditive manufacturing techniques such as stereolithography,

3D printing, and fused deposition modeling, has allowed scientists to create pattaoes for

several applicationsStereolithography (SA) was introduced as a micrometer resolution
technique in 1993 by implementing a laser spot of a few micrometers. This UV laser radiates the
UV-curable photopolymer, solidifying it and creating layer thickness-1d uim [264], [265]

From this general method, two different techniques have been established, the laser based method

and the digital light projection. The average resolution of most commercial STL systems is about
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50 um with techniquesuch a2-photonpolymerizationbeing capable of features smaller than

500 nm[266] [267].

Laserbased methods are often referred to as additive manufacturing (AM) techniques and are
based on CAD layeby-layer processes. In the case of stereolithography, a photosensitive
polymerization resin is used in conjugation with UV lif25]. The use of STL for biodegradable
devices was first reported by Masuda et al. using photocurable PCL and trimethylene carbonate to

create microscale featurg68].

Patterned surfacewith a resolution ofnano ormicromeers can be used as collectors for
electrospinningthus creating complex desigtisat encourage the assembly of electrospun fibers

to mimic topographical cues in different tissu€ke first attempt of combining AMvith other
fabricationtechniques was reported by Ortega ef24l9], creating PLGA electrospun membranes

into collectors that were fabricated using microstereolithography, and present micropockets
enhance corneal repair. Further studies have explored the use of this technique in bone healing
applications using modified membranes for mesenchymal stroma2#&ls and topographically

control collectors fabricated using selective laser melting and pbiydBoxybutyrateco-3-
hydroxyvalerate (PHBV) electrospun fibers, to mimic the rete ridges in the[ZKin This
approach of controlling the fibrous environment of the scaffold wiieviding micro

topographical cues is a promising strgtegimitate as much as possible the stem cell niche.

9. Introducing complexity within electrospinning membranes

The basic electrospinning setup uses a static plain collector to create nomaatgeRecently,
several researchers have reported specialized collectors designed to create electerspuithfib

specific architectures for several applications. Theron etvas.a pioneer in the creation of
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orientated and alignedolyethyleneoxide (FEO) nanofibers, using a shaedged wheel as a
collector to create parallel arrays ofdib with defined distances between th@n2], [273] Ma

et al. hae explored the creation of electrospun scaffolds with microstructural cues for skin
regeneration using a combination of radialbligned fibers, square arrayed microwells, and
structural cues, through the use of stainless steel pins and[B&dtisTable5 shows different
approaches that have been usgith electrospinningo introduce topographical cues into tissue

engineered scaffolds to mimic the stem cell microenvironment.

Table5 Summary of tissue engineered scaffolds fabricated with electrospinning to replicate the

micro and nano spatial cues of the stem cell niche.

Application Polymer Outcome Ref
Developing fibrous SLM metallic Three different topographies [270]
membranes with controlle( collectors used as | were tested with dimensions 66
microenvironments to templates for PCL | 1038, and 1168 um. Average
study MSC behavior fibers fiber diameter of 1.8 2.2 ym
Design artificial limbal Polyethylene glycol | Constructs of 1.2 cm diameter | [269]
stem cell niches using diacrylate (PEGDA)| and of 0.36 mm thickness
biodegradable electrospur collectors used with| containing Ushaped micro
rings containing PLGA 50:50 fibers | pockets of 150300 um diameter
microfeatures made of microfibers of ~3.5 um

in diameter.
Use patterned scaffolds tg Teflon-coated Fibrous constructs with an [275]
simulate the anisotropic | silicon wafer average fiber diameter of 1.2 p
and multiscale architectur¢ patterned collector | with three different patterns
of cardiac tissue, to use with a blend of | tested: Two arrays of parallel
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promote cardiac cell poly(glycerol grooves of 1r0
alignment sebacate) (PGS) an| and squarshaped features of
PCL 100 & m.

Developing a nevin vitro | Poly(3hydrroxybu | Fibrous bilayer construstvith [271]

model in which to study | tyrateco-3- an average fiber diameter of 75
epithelial stem cell hydraxyvalerate nm. The micropattern layer was
behavior (PHBV) fibers made of square or rectangular

patterned using a | features of 200 1000 um in
PEGDA template | width and 200 500 um in depth

Create a platform to mimi¢ Oxygen plasma Microfluidic chip with randomly | [276]
the cellular treated PDMS orientated nanofibers of 20800
microenvironment of microfluidic device | nm diameter.

hMSCs with carboxyl group

modified PU fibers

Study the use of a Stainless steel Random and aligned fibers with| [274]

sandwichtype scaffold to | collector coated with microwells of 200" 280 pm in

promote re plasma treated PCL| depth. No fiber diameter was
epithelialization polymer fibers reported.

Developing a hybrid Composite of a Electrospun scaffold of ~11 um| [277]
scaffold to study thermosensitive fiber diameter encapsulated in &
chondrogenic PEGPNIPAAmM gel | mold-less hydrogel.

differentiation of h(MSCs | and PCL fibers
based on protein and geng

expression

Mimicking thein vivoanatomy of human skin magduce healing times due to the interaction of

mi croniches with ker at i nGhangds e genaexplessiontavebee® X p r
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identified by comparing keratinocytes seeded on flat membranes against collagen fibril membranes
that resemblehie morphology of human dermjg0], [44], [278] These findings are key to
understading how microtopographic features enhance wound healing. Although the creation of
multilayer electrospun scaffolds has been previously repofggd], [279], [280] the
incorporationof topographical cues and deliverf/proangiogenic agents is a novel alternative to

address insufficient vascularization and tissue integration.

The versatility of PLGA and PCL féas as drug delivery systeraiows forthe incorporatiorof
bioactive compounds that can support skin regeioaraturing wound healing. Although the
conceptof drug delivery and topographically control scaffolds have been introduced individually

in tissue engineered constructs, to the best of our knowledge, this is the first attempt to incorporate
proangiogenic gents and 3D microfeatures into a multilayer electrospun scaffold. The outcome
of this study has the potential to provide an effectiveramekltreatment for wound healing that

addresses key challenges of vascularization and woealthg

56



10. Hypothesis and gneral aims

The hypothesisn which this research project was based is that:

1 Theintroduction of topographical cueso electrospun scaffolds to mintlee morphology
of rete ridgestem cell nichas well aghe delivery ofangiogenic antdioactive compounds
could significantly improve skin regeneratitwy creating a 3D environment theglls

would be able to repopulate and preseste ridges that control keratinocygEemness.

The general aim of this study to develop a hierarchical fibrous scaffold for aiding skin tissue
regeneration via the introduction of intricate topographies that resemble the rete ridges stem cell
niche morphology and via the delivery of proangiogenic agents to enable tissue ohevelapd

nutrient distribution.

Thegenerakpecific aimf this researclproject are:

1 To fabricate fibrous scaffolds that minteca degree the structure of tigged topography
present in the DEJ, known as rete ridges

1 To assess tha vitro effects on metabolic activity and proliferation of human dermal cell
lines when exposed to different concentrations of 2dDr, E2, or AV.

1 Toload2dDr, E2,0r AV into randomand topographically controlled fibrous scaffoldsl
to explore their angiogenic fential of using thehick chorioallantoic membrane assay

1 To test the potential of topographically controlled fibrous scaffolds to generate features

that resemble the rete ridges using tissue engineered skin models.

The experimental objectiveplanred to achieve thse aims are describedn eachof the

experimental chapter
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Chapter Il |. Fabrication and characterization of random

and topographically controlled electrospun scaffolds

1. Introduction

Fibrous membranes have been attractive options for tissue engineering constructs due to their
capacity to mimic thextracellular ECM) environment in terms of fiber distribution and size as

well as porosity[281]i [285]. Electrospnning is arguably one of the most used techniques to
fabricate fibrous scaffolds with interpore connectivity, high surfaeelume ratio, and nanto-

micron fiber diameter. A traditional electrospinning setup allows for control of fiber diameter and
alignment; however, novel methods have been developed to allow for further control of fiber
deposition and morphology. Some of these novel methods have combined additive manufacturing
and electrospinning to create fibrous environments that can closely menmative stem cell

microenvironmenf271], [274], [286]

The parameters of the electrospinning technique can be divided into solution parameters and
process parameters. A balance between thasablesis necessary to achieve the conditions
needed to create an electrospun jet. However, most elébrochemicateactionghat produce

a stable and constant polymiet arecontrolled by the surface tension, electrostatic interactions,
and solvenproperties. Therefore, the polymer solution plays a key role in fiber morphology, and
by selecting specific solvents and polymer combinations, it is possible to load organic and

inorganic compounds into the fibers for different applicati@83].

The most common method for electrospinning as a drug delivery platform is the use of blend

electrospinning which incorporatébe drug directly into the solvent system. However, this
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technique requires a deep understanding of t
parameters is key to achieve a successful electrospinning process and when selecting a solvent
sysem|[288]. Although it is possible to electrospun polymers and drugs that are not soluble in the
same solvent using emulsion electrospinning (includingvgal electrospinning, or surface
modification), introducing the drug directly into the solvent has thiedsigloading rate compared

to other method$254], [287], [289] Additionally, ceaxial electrospinningor fiber surface
modification increases the complexity of the fabrication of the scaffold. Therefore, selecting
miscible solvents that can dissolve both the polymer and the bioactive compound is a simple and
versatile approach to create electrospun sldsffthat can be fabricated with a conventional

electrospinning setup.

A plethora of drugs and bioactive compounds has been loaded into electrospun scaffolds, including
growth factors, small sugars, and inorganic compounds. For skin regeneration applidatitors

for reducing inflammation, avoiding infection, and aiding vascularization are key for scaffold
design[24]. To determine the biological effects of electrospun scaffolds loaded voisttthie
compounds, it is important to first select the proper biocompatible material, optimize and
determine the maximum amouritbioactive compounthat can be electrospun and characterize

the effects in the physicochemical properties of the scaffoldhwinese compounds are loaded

into the electrospun fibers.

Combining micropatterned collectors and electrospinning to fabricate microtopographical
environments within electrospun scaffolds require that the electrospjehimgpduces non beaded
fibers thatcan be collected directly on the surface of the colld@@0], [291] Any disturbances

in the electrospinning jet could cause polymer aggregates acthuenulatiorof fibers outside the

patterned collector, thus challenging how these fibers mimic the morphology of the collector and
59
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limiting the standardization of these scaffolds. Furthermomeguse the electrospinning process
is also affected by the presence of the collector, it is necessary to further optimize the

electrospinning parameters to suit this new application.

The potential of 2-deoxyD-ribose @dDr), 1 7-éstradiol E2), and aloe vea (AV) as
proangiogenic agents has been explored before using random electrospun scaffolds. However, the
introduction of bioactive compounds into topographically controlled scaffolds to improve cell
response is yet to be develop@&tis chapterdescribedhe development and characterization of
topographically controlled electrospun scaffolds (TCES), as well as the fabrication of random
electrospun scaffolds (RES) and TCES, loaded with 2dDr, E2, oif A&/fn vitro effects of these
bioactive compounds in solution on skin cell types is described in detailed in Chapsat Was

critical to first characterize the performance of the scaffolds as drug ddfieeices
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1.1. Aim and objectives

The aim of this experimentahapter is to study the feasibility of fabricatibgpographically
controlled electrospun scaffolds (TCES)sing poly(lactic-co-glycolic) acid (PLGA) and
polycaprolacton¢PCL) to mimic themorphology of theete ridges in the skias wellto evaluate
the use of RES and TCES as drug delivery carfegradDr, E2,andAV ; and the effects of plasma
treatmenbn TCES morphology fabricated using PQh order to achieve this ajithe following
objectives were established:

1 Fabricate PLGA and ACRES with and without 2dDr, E2, or AV.

1 Design and fabricate micropatterned 3D printed collectors.

1 Fabricate PLGA and PCL TCES with and without 2dDr, E2, or AV.

1 Investigate the changes in physical properties of RES when 2dDR, E2, or AV were added.

1 Investicate the changes in chemical properties of RES when 2dDR, E2, or AV were added.

1 Observe the changes in fiber morphology and diameter R@enT CESwereexposed to

air plasma treatment.

1 Study changes in fiber morphology and diameter when TCESlegted with 2dDr, E2,
and AV.

I Characterize the release of 2dDR, E2, or AV from PCL and PLGA RES.
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2. Materials and Methods

2.1. Manufacture of 3D printed collectors
The ridged topography of the collectors was designed using ThinkerCAD© (AutdD8ak
online software. A uniform surface of ridges was drawn on a 20 x 20 mm collector using

Equation (1).

zx, =ycoael cosdwl A (1)

Equationl. Mathematical representation of the patterned collectors desig§redin represent

constants that control the amount and height of the ridges, respectively.

Several designs were tested to study the performance of the collectors and their capacity to create
topographically controlled electrospun scaffolds (TCES) by changing the valde¥, of, andA,
and scaling as required.andY dictate the size of theottector, n controls the number of ridges

present on the pattern, and A dictates the height of the (fgerel12).

Table 6 shows the dimensions of all the patterns created for this siudy.different sizes
fabricated cover the range of 6@00 pm and 50 200 um in width and depth, respectively of the
native ree ridges fond in human skifihe patterns with features outside this range were used to

study the feasibility of the technique.
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x=(0,20) y=(0,20)

Figurel2 Representation of the 3D surfatesigned to mimic the ridge topography of the DEJ.
The variable n determines the number of ridges while x, y, and A control the size and the height

of the surface.

Table6. Dimensions oB8D printed patterned collectors

Code Design Width Height
C1 2000 pm | 1000 pm
c2 2000 pm | 500 pm
C3 1248 ym | 800 um
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C4 1248 pm | 400 pm
C5 624 um | 400 pum
C6 624 pm 200 pm

A FormLabs2 SLA printer was used to manufacture the collectors ugieg resin methyl

methacrylate polymer mixed (R=-GPGRO04, Formlabs USA). To avoid damage to the

microstructure, supports were created at the base of the collectors using the PreForm software

(version 3.3.1, Formlabs). Two isopropanol washes of 10 min were performed to remove uncured

resin immediately after printing. Collectors were then left to air dry for 10 min followed by a UV

curing process

curing, the supports were carefully removed from the base using tweezers.

(&

4 -C3-01 nForinlabifer BGngn at60 FCoAften

2.1.1. Scanning electron microscopy (SEM) for patterned collectors

cur e

3D printed collectors were coated with a 10 nm gold layer (SC 500A, Emscope) and mounted on

aluminum pin stubs (AGG30Rgar scientific) with carbon tabs (AGG3347ANgar scientific)

and analyzed under a HITACHI SEM (FE SEM, J8BDOF, JEOL; and FE/VP SEM,

TM3030Plus, HITACHI). Spot size and voltage were set up at 3.5 nm and 10 kV respectively for

all samples. ImageJ software v. 1.48 from NIH (National Institutes of Health, [292) was
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used to measure the size of the microfeature on the SEM micrographs. Two independent tests were

performed by triplicate for each topography (N =2, n = 3).

2.2. Preparation of polymer solutions

2.2.1. Preparation of polymer solutions without bioactive compounds

Polymer solutions of PCL (440744, SigiA&rich) (Mn = 80,000 g/mol), and PLGA with a 50:50
(PURASORB®, 5004A, Corbionand 75:25(P1941, Sigma)lycolic:lactic unit ratio were
prepared prior to the electrospinning process. The solvent system was composed of
dichloromethane (DCM) (D/1850/17, Fisher) or a mixture of DCM and dimethylformaldehyde
(DMF) (227056, Sigma) accordingly. Weight/weight (w/w) solutions vpeepared by dissolving

1 g of polymer with their solvent system as specified in eaplerimental chaptefable7 shows

the polymer solutions preparear the electrospinning process. Solutions were covered in parafilm
and left in a sesaw rocker (SSL4, StuartTM) for 24 hours at room temperature (RT) to

homogenize the polymer solution.
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Table7. Polymer solutionsvi t hout bi oactive compounds wer e

numerical value.

Code | Polymer w/w Polymer | Solvent 1| Solvent 2| Solvent proportion
concentration
(Solvent 1: Solvent 2)

Al 15% DCM N/A N/A

PLGA 0 ,
A2 50:50 20% DCM DMF 4:1
A3 20% DCM DMF 3:1
Ad 15% 31

PLGA 0 ,
A5 7595 20% DCM DMF 1:1
A6 20% 3:1
A7 8% DCM DMF 31
A8 PCL 12% DCM N/A N/A
A9 12% DCM DMF 31

2.2.2. Preparation of polymer solutions with bioactive compounds

Polymer solutions of PCL and PLGA with a 50:50 and 75:25 glycolic:lactic unit ratio were
prepared prior to the electrospinning process. The solvent system was composed of a mixture of
DCM and DMF (unless otherwise specified). The bioactive compounds teste@dDr (121649,
Sigma), E2 (E8875, Sigma), and lyophilized AMde Barbadensispowder (MI0301, Makers

Ingredients).
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With the exception of AV, weight/weight (w/w) solutions were prepared by dissolving the
bioactive compound (by itself or in combirat), on the polar fraction of the solvent system (DMF)

by shaking the solution for 10 min. For AV, dimethyl sulfoxide (DM$0)103483, Fishemyas

used as a primary solvent at a concentration of 200 mg/mL and mixed properly for 5 min using a
micropipettebefore adding the DMF. The amount of bioactive compound was added in terms of
percentage weight (% wt.) in relation to the amount of polymer. Once dissolved, DCM was added
in the right proportion to complete the solvent system. w/w polymer solutions vegrared by
dissolving 1 g of polymePLGA or PCL)with their respective solvent systelable8 shows the
polymer solutions prepared for the electrospinning process. Solutions were left-seavseeker

(SSL4, StuartTM) for 24 hours at RT to homogenize the polymer solution.

Table8. Polymer solutions with bioactive composné&ach polymer solutiowascoded with a

ABo0 foll owedvabey a numeri cal
Code | Polymer w/w Polym_er Solvent system Bioactive Bioactive
concentration compound | compound % wt.
Bl 5%
B2 8%
2dDr
B3 PLGA 10%
50:50 20% DCM:DMF (3:1)
B4 15%
B5 5%
E2
B6 10%
87 PLGA 1%
0, . .
E9E 20% DCM:DMF (3:1) 2dDr
B8 10%
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B9 8% DCM:DMF (3:1) 2dDr 8%
B10 8%
B1l 2dDr 10%
DCM:DMF
B12 15%
31
B13 PCL 8%
12% E2
B14 10%
B15 5%
DCM:DMF + AV
B16 DMSO 10%
(3:1) + 500 pL
B17 AV + 2dDr 10% + 8%
2.3. Electrospinning of fibrous scaffolds

Fibrous scaffolds were fabricated using electrospinning. The polymer solutions mentioned on

section 2.2 werelectrospun under the same environmental RT conditions428C). The

differences between the fabrication of RES and TCES are shown in the following sections.

2.3.1. Electrospinning of RES

A vertical electrospinning setp was used to fabricate both RBS8d TCES Figure 13). To

fabricate
~1.1 mL of the polymer solutioThe syringe was loaded into a syringe pyidarvard apparatus
PHD 22/2000)and the syringe cap was connected to a voltage supply. The static collector was

covered with silicorcoated paper and placed at a distance of 12 cm from the needle tip. Process

RES,

1

mL syringes with

20 gawuge
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paraneters (flow rate and voltage) are detailed for every solution using their code as a reference

in Table9. Electrospun membranes were stored at 4°C in sealable bags.

(=}
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[

Figure13. Custommade horizontal electrospinning set up. The electrospun mats were collected
using the plain static collector shown the image red arrow). Temperature and humidity were

monitored during the electrospinning prese
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Table9. Electrospun process parameters for electrospun solutions with and without bioactive

compound.
Code | Voltage Flow rate Code | Voltage Flow rate
Al 107 20 kV 17 3mL/h Bl
2171 22 kV 17 2mL/h
A2 | 171 18kV | 0.57 2mL/h B2
A3 | 1871 20kV | 0.57 2mL/h B3
221 24 kv | 17 1.5mL/h
A4 1871 20kV | 0.371 1 mL/h B4
A5 | 157 18kV | 0.3V 2mL/h B5

1971 21 kV 17 2 mL/h

A6 | 2071 22 kV | 0.37 0.5 mL/h B6

A7 | 1871 20 kV 17 4 mL/h B7 | 217 23kV | 0.37 0.5 mL/h
A8 B8 | 227 24kV | 0.37 0.4 mL/h
1871 22 kV 17 4 mL/h
A9 B9 | 197 20 kV
B10

B11 | 2022 kV

B12
17 4 mL/h

B13

19-21 kV
B14
B15

217 23 kV
B16

B17 | 187 19 kV 31 4 mL/h
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2.3.2. Electrospinning of TCES

Patterned collectors and electrospinning were combined as described by Ortej@&e}, §271]

to manufacture the TCE&igure 14 shows a schematic of the manufacturing method. First, our
patterned collectors were placed on top of the grounded metal collector coatsiicoithcoated

paper. Conductive carbon adhesive discs (AGG3347N, agar scientific) were used to hold the

patterned collectors in place.

B) Microstereolithography C) Electrospinning
(uSLA) =
I~ L
J //k Lstallc collector D 2 .L ¢ i
\;,’\\\,«,.‘ == ____:»““ ‘)_
/\“f7 """""""" TR W
Q\\/ el £ % g o
<> Py £3 g @

. Positive
<« _| "
¥ T\l high supply
* Polymer solution

D) Topographically Controlled
Syringe Electrospun Scaffolds (TCES)

pump

A) 3D Design

Figurel4. Schematic for fabrication of TCE®he micropatterned collectors were fabricaisihg
MSLA and placed into a vertical electrospinning set up to generate the topographically controlled

scaffolds.

Collectors were set at a distance between 12 and 13 cm from the syringe tip. The polymer solutions
used to create TCES were all made using the DCM:DMF solvent system (except for the AV
solution which requires 500uL of DMSOQO). For each batch of four patiecolectors, 1 mL of

the polymer solution was loaded and electrospun using the appropriate flow rate and voltage. Due
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to the presence of the collectors, the electrospinning process parameters were fldfardose

of the plain electrospun membraneshithe same polymer solution.

Table10shows the parameters used for each solution. Approximately 200 uL of polymer solution
were electrospun on toprfevery collector. The resutg TCESs were cut before being peeled

from the patterned collector to avoid structural damage to the scaffold.

Table10. Polymer solutions and electrospinning process parameters usdxi¢ate TCES (See

Table7 andTable8 for thefull description of each solution).

Code | Polymer wiw POlymer Bioactive compound Voltage Flow rate
concentration and % wt
A3 PLGA N/A 19 kV
5050 20% - 0.57 2 mL/h
B3 10%2dDr 217 23 kV
A7 N/A 18 kv
8%
B9 10%2dDr 19 kV
A9 N/A 19 kv
B10 PCL 8% 2dDr 31 5mL/h
207 21 kV
B1l 12% 10%2dDr
B14 10%E?2 19 kV
B16 10%AV 211 22 kV
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2.4. Plasma deposition

Air plasma (AP) deposition was used itwrease hydrophilicity of the PCL scaffolds for cell
culture Both TCES and RES were placed in a Zepto plasma cleaner (Diener electronic) using a
glass petri dish. The chamber was set with-pmwer parameters of 10 \kadio frequency o#0

KHz). Air was used for the plasma depositixposure times of 2 and 5 nites were tested.

Right after plasma treatment, scaffolds were placed inside sealable bags and stored at 4 °C. Silica
gel sachets (103804, Merck) were placed inside the sealable bags to remove any moist that may

affect the electrospun membranes.

2.5. Characterization of fiber morphology and diameter

RES and TCES samples of 5 x 5 mm were coated with a 10 nm gold layer (SC 500A, Emscope)
and mounted on aluminum pin stubs (AGG301, agar scientific) with carbon tabs (AGG3347N,
agar scientific). Scaffolds were analgzender a HITACHI SEM (FE SEM, JSKEB00F, JEOL,;

and FE/VP SEM, TM3030PIlus, HITACHI). Spot size and voltage were set up at 3ahca0D

kV respectively for all samples. ImageJ software v. 1.48 from NIH (National Institutes of Health,
USA) [292], was used to measure fiber diameter on the SEM micrographs. Three independent tests
were performed by duplicate f@ach topography (N = 3, n = 2) (for TCES only), and three
independent tests with 15 fibers measured for each micrograph to evaluate fiber diameter (N = 3,
n = 15) for (RES and TCESAdditionally, the performance of the patterned collectors to create

topographical cues on the TCES was evaluated using the folldzgogtion (2)

Reproducibility factor = Size of [®eature

Equation2. The reproducibility of the TCES was evaluated by calculating the ratio between the

size of the feature on the scaffold and the size of the feature on the collecpproximatehe
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height of the topographical cuagrigonometrical approach has usedschematic of the method

used is shown ifigure15.
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Figurel5. Tri gonometri c method used to calcul ate
angle and the hypothenuse length values were taken from the original CAD designs, whereas the

width was measured from the SEM micrographs.
2.6. Characterization of mechanical propertiesi uniaxial tensile testing

Mechanical testing on RES was performed using a motorized force tester MudfiTest
(Mecmesin, UK). A 25 N load cell (ELS 25 N, Mecmesin, UK) was used to perform a uniaxial
tensile testVector Pro software (version 6.2.0, Mecmesin, UK) was used to control the force tester
and for data analysis. Samples were cut as square pieces of 8 mm width by 22 mm length to use 5
mm of each side to grip the samples and allowed 12 mm gap betweeipsh@gshown ifrigure

16. The test speed was set up as 6 mm / min and the thickness of the samples was measured to
normalize the data. Data for tpercentage of maximum elongation and maximum stress versus
strain were recorded for each scaffold. Two independent tests were performed by triplicate for

each material (N =2, n=3)
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Figure 16. MultiTest mechanical testing machkimoaded with a plain electrospun scaffoldd(

arrow). The distance between the grips (12 cm) is highliglited érrow).

2.7. Morphological changesof RES

A study of theshrinkage ratio of RE$ an aqueous environmewas performed using PBS at
human body temperatur8amples were cut as squares of 1.5 x 1.5 cm using a sealppehch

sample was placed inside a bijou containing 5 mL of PBS and incubated at 37.5°C. Samples were
photographed and measured usindjgatal camera and ImageJ software after 6, 24, and 48 h of
incubation. The shrinkage of the scaffold was calculated as a change in surface area in relation to
the original 2.25 charea. Samples were not reused for different time points. Two independent

tests were performed by triplicate for each material (N = 2, n = 3).
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2.8. Surface properties of scaffolds byvater contact angle

A drop shape analyzer DSA100E (KRUSS, Germany) was used to calculate the water contact
angl e (&) Figusel7sTo evaeluiate this contact angle, RES samples were cut as 8 by 8
mm squared pieces and a 5 pL droplet of distilled water was placed on top. A digital camera and
KRUSS advance software were usedapture and process the data from the droplet respectively.

Two independent tests were performed by triplicate for each material (N = 2, n = 3).

Figurel7. Schematic of how wat er c ointdraxtons bedweanl e ( €

the solidl i q wi), Houid-gpa s.c), @ solidg a ssg) ifiterfacial energies.

2.9. Thermal properties using dfferential scanning calorimetry

The thermal performance of the scaffolds was evaluated by differential scanning calorimetry
(DSC). Thermograms of RES (N=2, n=3) were obtained using a PerkinElmer DSC 4000
(PerkinElmer, UK). Nitrogen gas flow was of 20 mL/min and a scanning rate of 10 °C from 30 °C
to 100 °C (holding 30 °C for 1 min). The weight of all the samples was recoridedopthe DSC

analysis.
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2.10. Releaseprofile of bioactive compounds from electrospun scaffolds

In order tocharacterize the releasing profile of bioactive compounds from the RES,-a non
accumulative studyvas performed for every bioactive compouid which each time point is
represented by a sample compared to an accumulative study where a sample is esedafor s
time points For all membranes loaded with bioactive compounds, squared pieces were cut and
weighted. Using individual bijou containers, 7 £ 0.5 mg of the electrospun membrane were placed
in for every time point, with a total of 5 samples per tim@pand 3 experimental repeats (N = 3,

n =5). At time zero, 5 mL (for 2dDr) or 3 mL (for E2 and AV) of PBS were added to each sample
and then incubated at 37.5 °Che difference in volume is due to the sensitivity of the
guantification method®?BS sampds were collected in duplicate for each time point and stored at

4°C for the compound to be quantified at the end of the experiment.

Known concentrations of every bioactive compound were prepared in PBS to be quantified using
their respective assays t@ate a standard calibration cur¥Vée concentrations for the calibration
curve and were selected based on maximum concentrations reported by Dikici et al. and
Shafaat et dl159], [166] For all experiments, twmdependent tests and 5 samples for each time
point were measured (N = 2, n = Ghe different quantification methods performed &ach

bioactive compound are described in the following sections.
2.10.1.Release of 2dDrfromRE8 si ng Bi al sés orci nol

To quantify 2dDr, a pentose sugar [203.diessyy knowl
working solutions of 0.05% w/v FeCl3A6H20 (F:
(Fisher Scientific, UK) (solution [A]), and a 422 mM orcinol monohydrate (01875, Sigma) in 95%

ethanol (Fisher Scientific, UK) (solution [B]) were preparedmto the assay. The final working
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solution [C] was prepared on the day of the experiment mixing both solutions at a 15:1 A:B ratio.
500 pL of the sugar solution were mixed inside an Eppendorf tube with 500 pL of solution [C].
The sugar + solution [C] s#ples were incubated for 20 minutes at 100°C using boiling water.
Small incisions were made on top of the Eppendorf tubes to avoid pressure to burst the container.
After incubation, samples were left 10 minutes to cool at RT. 200 yL of each sample were
transferred in triplicate to a netissue culture 98vell plate (Thermo Scientific, UK). Absorbance
values at a 600 nm wavelength were obtained usiBgp-d ek ELx800 spectrophotometer and

KC4 software (version 3.3, Bibek Inc.).

2.10.2.Release of E2 from RE8sing a spectrophotometric method

The release of E2 was quantified by transferring the 1 mL of the unknown solution to a quartz
cuvette and measuring absorbance at 272[1#H98], using a UV spectrophotometer (6305,

Jenway™).

2.10.3.Release of AV from RE8sing a UV spectrophotometric method

The release of AMrom the RESwas quantified using UV spectrophotometriecnethod The
amount of AV was quantified bsneasuringoptical absorbance @00 uL of the AV unknown

sample at 292 nnusing avarioskan LuxUV spectrophotometeifbermo Fisher)

2.11. Statistical analysis

GraphPad Prism software (version 9.1) was useeériorm statistical analyses using emay and
twoway analysis of wvariance (ANOVA) as applicat

tests. In all cases, p values <0.05 were considered statistically signibdéertences in sample
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size are due tthe nature of each experimental procedure. For example, a bigger sample=8ize (

n=15)was selected to better represent the distribution of fiber diameter.

3. Results

3.1. Electrospinability of RES with and without bioactive compounds

The polymersolutions were studied for their capacity to generate a continuous electrospinning jet
to generate a fibrous mdatable11 shows the results of all the polymer solutions testecadief
description of theifeasiblity to produce RES without bioactive compountiable12 shows the

electrospinning results for RES loaded with bioactive compounds.

Table 11. Results of electrospinability for RES without bioactive compounds. iTsggn
represents failed electrospun solution while therepresents a successful electrospun solution.

Please refer tdable7 for the full description of every solution.

Code Polymer Result Comments

Unstable polymer jet. Solution eventually blocks the

syringe.

Polymer solution ipossible to electrospun for the first 1

A2 PLGA50:50 | == i 15 min. Unstable jet even at high voltages and low flg

A3 + Polymer jet stable for long electrospinning sessions.
Worked across different flow rates and voltages
A4 —_— _ _
Unstable polymer jeSolution eventually blocks the
AS syringe.
PLGA 75:25 | ===
A6 + Polymer jet stable for long electrospinning sessions. Of

worked at low flow rates.
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A7 +

Polymer jet stable for long electrospinning sessions.

A8 PCL + Worked across different flow rates amltages

A9 +

Table12. Results of electrospinability for RES with bioactive compounds.iT§ign represents
afailed electrospun solution while therepresents a successful electrospun solution. Please refer

to Table8 for the full description of every solution.

Code | Polymer | Bioactive | Result Comments
compound
Bl -+ . .
Polymer jet stable for longer electrospinning
sessions. Works across different flow rates and
B2 2dDr + voltages.
B3 PLGA — | Polymer jetunstable for longer electrospinning
50:50 sessions. Only works at high voltages.
B5 + Polymer jet stable for long electrospinning
E2 sessions. Works across different flow rates and
B6 + voltages.
B7 + Polymer jet stable but only high voltages and
PLGA 2dD flow rates below 0.3 mL/h.
75:25 '
B8 - | Polymer jet unstable. Not possible to electrospt
B9 + Polymer jet stable for long electrospinning
PCL 2dDr sessions. Works across different flow rates and
B10 + voltages.
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B11 +
B12 + Polymer jet stable but fibrous scaffolds have
aggregates of polymer due to unepeocess
B13 + Polymer jet stable but fibrous scaffolds have
E2 aggregates of polymer due to uneven
B14 + electrospinning.
B15 + Polymer jet stable bditbrous scaffolds have
AV aggregates of polymer due to uneven
electrospinning. Polymer jet became unstable a
B16 + ~ 800 pL.
AV + + Polymer jet stable but fibrous scaffolds have
B17 2dDR aggregates of polymer due to uneven
electrospinning.

Theseaesults showed that electrospinning solutions of DCM: DiFemore versatile when using

PCL than PLGA 50:50 or PLGA 75:25. This behawi@sevident for PLGA 75:25 which required
periods of up to 4 hours to electrospun 1 mL of the solution even without the introduction of 2dDr,
which made the electrospinning a challenging process due to the formation of beads and polymer
droplets. Because dfis behavior, it was decided not to continue with the use of PLGA 75:25 for
the fabrication of RES loaded with other bioactive compounds or for the fabricatioeT@ZES.

PLGA 50:50 solution Al was selected as the most stable for the fabrication of REGAwith

B1, B2, B5, and B6 showing behavior that encouraged further testing.

However, PLGA 50:50 as a material for the fabrication of RES and TCES was limited. This
limitation is furtherexplored in section 3.3 with shrinkage studyFurthermore, 12% polymer
concentration PCL solutions (A8 and A9) proved to be more stable than 8% PCL (A7) across

several electrospinning sessions, making the 12% solutions more attractive candidates for further
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studies. Following experiments with PCL RBS8d TCES were fabricated using this polymer

concentration.

3.1.1. Characterization of fiber morphology and diameter

SEM was performed to observe the morphology of PLGA 50:50 RES when loaded with E2 and
2dDr. Table 17 shows a collection of micrographs of PLGA 50:50 RES, where a change in
diameteris visible. Moreover, some of the fibers, within the same electrospinning parameters,
showed larger fiber diametersigure 18.C, Figure18.D, andFigure 18.F) compared to the pure

PLGA 50:50 control.

Figure18. Micrographs of PLGA 50:50 RES with and without bioactive compoukd€ontrol,

B) 5% E2, C) 10% E2, D) 5% 2dDr, E) 10% 2dDr and F) 15% 28Bale bar = 10 um.

As observed ifrigurel9, fiber diameter of PLGA 50:50 RES changed depending on if E2 or 2dDr

was loaded. Furthermore, fiber diamei€PLGA 50:50 RES loaded with 2dDr was significantly
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different according to wt% of 2dDr used. Fiber diameter of PLGA 50:50 RES control was

significantly lower when compared to PLGA 50:50 RES B%and 10%E2.

Additionally, fiber diameter PLGA 50:50 RES control was also lower when compared to PLGA
50:50 RES 10 %2dDrand PLGA 50:5@RES 15 %2dDr, but not with PLGA 50:50 RES 5%alDr.
Moreover, fiber diametesf PLGA 50:50 RES 5%dDr was significantly lower when compared

to PLGA 50:50 RES 10 %dDr and PLGA 50:50 RES 15 %dDr. These results suggest that,
when a bioactive compound Isaded into the electrospinning solution, fiber diameter change

Furthermore, the mean fiber diameter among groups ranged betwéeh 0.

PLGA 50:50 RES
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Figure19. Box plot showing diameter of PLGA 50:50 RES loaded with 5 % and E2 %and
5 %, 10 % and 15 % 2dDr. Omeay ANOVA statistical analysis with Tukey comparison test.

***% p < 0.0001. Results are shown mean + SD. N=3, n=15.
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Figure20 shows a collection of PCL RES loaded with E2, 2dDr, and AV where different wt %
concentrations were used. Frafigure 20. E andFigure 20.F is visible that fiber density was
different, as more space among fibers was observed. Furthermore, PCL RES loaded with aloe vera

had a cottodlike texture, wherasPCL RES with either E2 or 2dDr had a pafikee texture.

¥4y

’,' -
f
I

Figure20. Micrographs of PCL RES with and without bioactive compounds. A) Control, B) 10%

E2, C) 8% 2dDr, D) 15% 2dDr, E) 10% AV and F) 10% AV + 8% 2dDr. Scale bar = 10 pum.

Fiber diameter of PCL RES was different when bioactive compounds were loaded into the
electospinning solution, as shownigure2l. Fiber diameter of PCL RES loaded with 10 % E2
was significantly higher compared to PCL RES control. Atke,fiber diameter of PCL RES
loaded with 10 % AV and PCL RES loaded with 10 % AV + 8 % 2dDr was higher compared to
PCL RES control. Nevertheless, the fiber diameter of PCL RES loaded with 8% 2dDr and fiber

diameter of PCL RES loaded with 15% 2dDr was noticantly different when compared to
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PCL RES control, even though fiber diameter of PCL RES 8% 2dDr and PCL RES 15% 2dDr

were significantly different between them.
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Figure21. Box plot showing diameter of PLGA 50:50 RES loaded with 5 % and 10 % E2, and
5 %, 10 % and 15 % 2dDr. Omeay ANOVA statistical analysis with Tukey comparison test.

**** p < 0.0001, *** p < 0.001, ns p O O0.05.

Because of the hydrophobicity of PCL, an air plasma (AP) treatment was performed to improve
cell adhesionkigure22 shows the difference in fiber diametatiwveen non treated and AP treated

PCL RES. Interestingly, the increase in fiber diameter after AP observed in the control PCL RES
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was significantly higher than the changes found in PCL RES loaded with 2dDr, E2, or AV after

AP treatment.
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Figure22. Box plot showing the diameter of PCL RES after and before air plasma treatment. PCL
RES loaded with 8% 2dDr, 10% E2, and 10% AV were also measured to evaluate changes in fiber
diameter. Tweway ANOVA statistical analysis with Tukey compson test. **** p < 0.0001,

**x *x p < 0. 0 BResylts anesshopn a®medin 20SB..N=3, n=15
3.2. Characterization of RES chemical properties

The analysis of the DSC diagraifisgure23) showed similar F for all PCL groups, suggesting

a minimal change due to the inclusion of the bioactive compounds within the fibers. The most
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significant change was observed for the R&tled with 10% AV that showed an averageof
3° C lower than the controlhe low PCL Tg value of60°C is not shown on the DSC diagrams

due to is low clinical relevance when used as wound dressings.

PCL RES - Thermal analysis
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Figure23. DSC diagramsdr PCL RES loaded with 2dDr, E2, AV, or AV + 2dDry, Values are

shown for each group. N=2, n=3.

3.3. Characterization of RES physical properties

The contact angle was measured to evaluate how hydrophilicity was modified due to air plasma
treatment and by the introduction of bioactive compounds. The contact angletcéaien PLGA

50:50 was 132° £ 8°, which was more hydrophobic in comparisos tmitnterpart AP treated
PLGA 50:50 (119 ° £ 10 °). Moreover, contact angle-treated PLGA 75:25 was significantly

more hydrophobic than AP treated PLGA 75:25 (132° + 5° and 45° + 4° respectively), as seen in
Figure24. PLGA 50:50 loaded with 10 % 2dDr wasrehydrophilic after air plasma treatment.
Moreover, among the air plasma treated scaffolds, PLGA 75: 25 and PLGA 50:50 loaded with 10

% 2dDr weresignificantly more hydrophilic than PLGA 50:50. These results suggested that air
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plasma treatment of PLGA scaffolds made the scaffolds more hydrophilic, and hence, cell

adhesion would be improveQuantification of contact angle for plasma treated san{ptesed

at 4°C) was carried out withing 24 h of the treatment to avoid hydrophobic recovery.
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Figure 24. Plot graph showing contact angle changes in PLGA scaffolds with and without air

plasma treatment. Results are showrmesan + SD. Twavay ANOVA was used to analyze

statistical differences **** p < 0.0001. N=2 n=3.

In contrast, PCL RES showed significant changes in contact angle when bioactive compounds

were addedKigure 25). Additionally, to evaluate any effects of traces of the solvent system, a

PCL RES fabricated only with DCM as a solvent was compared against the conventional

DCM:DMF solvent used to fabricate both RE&d TCES. Compared to the DCM:DMF control

(109.5° = 8° ) the DCM control showed a higher contact angle of 132.1° + 4°. Furthermore, RES
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loaded with 15% 2dDr (128° + 8°), 10% AV (141° + 10°), and 10%i 8% 2dDr (143.8° + 10°)
showed an increase in watentact angle when compared to the DCM:DMF control. Only the
10% E2 (119.8° + 5°) and 8% 2dDr (84° + 9°) groups had no significant difference and a lower
contact angle respectively against the DCM:DMF control. After air plasma treatment, the contact

angle vas 0 ° for all PCL scaffolds.
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Figure25. Plot graph showing contact angle changes in PCL scaffolds with and without air plasma

treatment. Results are shown as mean = SD.-Wayw ANOVA was used to analyse statistical

differences **** p < 0.0001, ** p < 0.001, ** p < 0.01, * p < 0.05. N=2 n=3.

89



The capacity of the PCL and PLGA to preserve the architecture of the scaffold at body temperature
was evaluated by measuring the shrinkafj¢ghe RES Figure 26 shows how PLGA and PCL
scaffolds shank when incubated in PBS at 37 °C for 6 hours, 24 hours, and 48 hours. PLGA 50:50
scaffolds, PLGA 50:50 loaded with 10 % 2dDr arfél heated PLGA 50:50 scaffold shrank 71 %,

71 %, and 72 %, respectively, during the first 6 hours. In contrast, PCL scaffolds, PCL scaffolds
loaded with 8 % 2dDr and air plasma treated PCL scaffold had no shrinkage during the first 6
hours. Within 24 hourand 48 hours, PLGA scaffolds shrank 10 % more than in 6 hours. PCL
scaffolds shrank up to 5 % within 24 hours and 48 hours. These results suggest that PLGA scaffolds

would not be suitable for preserving microtopographical cues fatro cell culture.

PLGA 50:50 vs PCL RES - Shrinkage at 37°C
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Figure26. Plot graph showing the shrinkage of PLGA and PCL scaffold at 37 °C at 6 hours, 24

hours, and 48 hours. Results are shown as mean + SD. N=2 n=3.

Figure27 shows PLGA 50:50 RES and PCL RIp8re AP treatecand loaded witl8% 2dDr(AP
treated and non AP treatelbifore incubating therm PBSat 37 °C and 5 % C{(called dry

sample). Then, after 6 hours PLGA 50:50 RES were reduced in size. In comparison, PCL did not
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shrink after 6 hours in PBS at 37 °C and 5 % Cibis change in size due to temperature and not
humidity was observed when PLGA 50:50 RES shrank after being incubated at 37 °C and 5 %
CO. without the PBS while PCL RES did not undergo any morphological chaRiggse 28

shows how PCL RES original dimensions (1.5 cm x 1.5 cm) were maintained whereas the
dimensions of PLGA 50:50 RES were reduced after 6 hddwosvever, there is no data to

determine if the scaffolds swell after the incubation period.

PLGA PLGA - PLGA - PCL PCL - PCL -
control 2dDr 8% Air plasma control 2dDr 8% Air plasma
Dry |
sample '
6h

Figure27. Images of PLGA 50:50 and PCL RES, showing that after 6 hours of being incubated in

PBS at 37 °C, 5 % COPLGA RES were shrunk whereas PCL RES did not shrink.
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"

PCL Control = PLGA Control

Figure28. Images of PCL RES dnPLGA RES after being incubated for 6 hours at 37 °C, 5 %
CQO,. PCL RES original dimensions were maintained (1.5 cm x 1.5 cm) whereas PLGA RES

dimensions decreased. Sché= 1 cm.

Interestingly, the opacity of AP treated PCL RES changed ladieg incubated in PBS at 37 °C
and 5 % CQfor 6 hours in comparison to PCL RES with no treatment, as sdegure29. AP

treated PCL RES (left iRigure29) was more transparent than Ameated PCL RES.

Figure 29. Opacity changes of PCL RES with air plastreatment (left) and with no plasma

treatment (right) after 6 hours of being incubated in PBS at 37 °C, 520 CO

Regarding mechanical strength, there was no significant difference found between the tensile

strength of PLGA 50:50 RES with and without #duition of 2dDr Figure 30).
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PLGA 50:50 RES - Max stress vs Strain
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Figure30. Box plot of tensile strength of PLGA 50:50 RES and PLGA 50:50 with 10 % 2dDr RES.
Oneway ANOVA was performed for statistical analysesults are shown as mean+SDns p O

0.05 N=2 n=3

Furthermore, tensile strength was also tested on the PCL RESI&cBRIEL air plasma control

was significantly higher in comparison to other groups, regardless of which bioactive compound
was added or if the PCL RES was prepared with DCM only or DCM: DMF only. Nevertheless,
PCL control (DCM:DMF) showed no significantfidirence among PCL DCM, 10 % E2, 8 %
2dDr, 15 % 2dDr and 10 % AWF{gure31). Therefore, tensile strength was not different among

groups except for air plasma treated PCL RES.
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PCL RES - Max stress vs Strain
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Figure 31. Tensile strength graph of PCL RES, showing the difference in tensile strength
depending on the modification of th€EP RES. Onevay ANOVA with Tukeys comparison pest

test.Results are shown as mean =8 p < 0.0001, *** p <0.001, * p<0.01,*p<0.05, ns

p O N=20=8..

On the contrary of what was observed regarding tensile strength, maximum elongatiatia@val
revealed that air plasma treated PCL RES showed significantly lower maximum elongation

percentage in comparison to other PCL RES groups. Nevertheless, dteat@a PCL RES
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elongate more than what was expected for our applicaliable13 shows the average thickness

of the RES used for mechanical testing.

PCL RES - Max elongation %
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Figure32. Maximum elongation % graph of PCL RES loaded with different bioactive compounds.
Oneway ANOVA with Tukeys comparison pettst.Results are shown as mean + $B* p <

0.0001, ** p <0.001, ** p <0.01, * p < 0.09N=2 n=3.
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Table13. Average thickness of PLGA 50:50 and PCL RES (N=2, n=3).

RES Average RES Average
thickness (um) thickness (um)

PLGA 68 +7 PCL (DCM:DMF) 58+7
PLGA 10%2dDr 625 PCL (DCM) 125+ 14
PCL 8%2dDr 147 + 8 PCLT AP treated 157 + 23
PCL 15%2dDr 113+ 15 PCL10% E2 101+ 19
PCL10%AV 114 + 22

3.4. Release obioactive compounds from RES

Rel ease of 2dDr from PCL RES, PLGA 50:50 RES,
orcinol assay. A calibration curve was calculated of concentration (UM) against absorbance
(Figure33). Then, this calibration curve was used to quantify the release of 2dDr from PCL RES,

PLGA 50:50 RES, and PLGA 75:25 RES at 1, 6, 24, 48, 168, and 240 hours.
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2dDr calibration curve
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Figure33. Calibration curve of 2dDr concentration (piyainst absorbance using Bial's orcinol

assay. Results are shown as mean £ SD. N=2 n=5.

PCL RES (nortreated), PLGA 50:50 RES, and PLGA 75:25 RES loaded with 10% 2dDr were
incubated in PBS at 37 °C and 5 % £0Or a total time of 240 hours. Release of 2dias
measured at each time point, using a different sample each time. The results showed that most of
the 2dDr was released immediately within 1 hour. However, 2dDr in solutiodetastableand

thereforedid not degradafter240 hours, as observedkigure34.
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2dDr (10% wt.) released from RES
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Figure34. Non-accumulative release of 2dDr from PCL RES, PLGA 50:50 RES, and PLGA 75:25
RES for 1 hour, 6 hours, 24 hours, 48 hours, 168 hours, and 240 hours at 37.5 °C. Results are

shown as mean + SD. N=3 n=5.

Figure35shows a close@p of the release of 2dDr graphRigure34displaying the 1 hour, 6 hours,

24 hours, and 48 hours time points and with the addition of aAtreated group. Given the 7

+ 0.5 mg weight of the scaffolds, the maximum concentrationnm. BS should be 1050 + 70

MM. A release of 2dDr between 500 uM and 850 uM is observed in the 1 hour time point. Then,

a slight increase is seen at 6 hours. At 24 hours, a decrease in the release of 2dDr is observed,
whereas, at 48 hours, the releasedincreased for all groups except for PLGA 50:50 RES.
These results highlight that 2dDr was released within 48 hours. Additionally, to evaluate any loss
of 2dDr before and after the electrospinning process, the amount of sugar present in an entire PCL
RES with 2dDr was measured. Our results showed that from the theoretical 8.8 mg-dbadgdr

on the PCL electrospun solution, 8.810.01 mg were released in total from the PCL RES

suggesting a yield of 91% (n=3).
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2dDr (10% wt.) released from RES
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Figure35. Non-accumulative release of 2dDr from PCL RES, PCL air plasma RES, PLGA 50:50

RES, and PLGA 75:25 RES for 1 hour, 6 hours, 24 hours, and 48 hours at 37.5 °C. Results are

shown as mean + SD. N=3 n=5.

The calibration curve of ERad a low R coefficient value as shown Figure36. Furthermore, in
contrast with the fast burst release of 2dDr, the release of E2 from PCL RES shaiadter 72
hourstheaverage E2 concentration of 225 + 21.8 (fWyure37). Given the weight of the scaffolds

and the PBS volume used, tte¢al amount of E2 releageat 72 hours was about 183 ug of the
total average of 700 pg (maximum concentration of 860 uM). Therefore, only 25% of the E2 was

released after 72 hours. No E2 was detected during the first hour of incubation.
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E2 calibration curve
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Figure36. Calibration curve of E2 concentration (M) against absorbance using UV spectroscopy

at 272 nm. Results are shown as mean + SD. N=2 n=5.
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Figure37. Non-accumulativeelease of E2 from AP treated PCL RES fooli) 6 hours, 24 hours,

48 hours, and 72 hours at 37.5 °C. Results are shown as mean + SD. N=3 n=5.
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The calibration curve of AV proved to be linear at low concentrations from 0.001 mg/mL to 0.1
mg/mL (Figure 38). However, at higher concentrations, the absorbance does not follow a linear

trend Figure39) and thus the low concentration curve was used to quantify the release of AV.

AV calibration curve

. Y =0.3641*X +0.02541

R’=0.9414
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=
&
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Figure 38. Calibration curve of AV concentrations from 0.0D.1 mg/mL against absorbance

using UV spectroscopy at 292 nm. Results are shewnean = SD. N=2 n=5.
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AYV calibration curve
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Figure 39.Calibration curve of AV concentrations from 0.010.5 mg/mL against absorbance

using UV spectroscopy at 292 nm. Results are shown as mean + SD. N=2 n=5.

The release of AV from PCL RES wslightly faster than the release of E2 but slower than 2dDr.
Given the maximum AV concentration of 0.233 mg/mL, only 29.18% (0.068 mg/mL) of the total
AV was released after 72 houlRdure40). Approximately 25% of the AV loaded into the RES

was released within the first 24 hours.
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Figure40. Nonaccumulative release of AV from AP treated PCL RES for 1 hour, 6 hours, 24

hours, 48 hours, and 72 hours at 37.5 °C. Results are shown as mean + SD. N=3 n=5.

3.5. Characterization of 3D printed collectors

SEM of patterned collectors C1, C2, C3, C4, C5, andr€f@r toTable6) are shown irFigure

41. In all collectors, some microtextures were observed. This taidoe present in the collectors
was attributed to podabrication steps such as solvent washing, air drying, or UV curing.
Collectors C2, C6, and C4 are observedFigure 42.A, Figure 42.B, and Figure 42. C,
respectively. The dimensions of each patterned collector wereffevedt between the model in
CAD and the final fabricated collector. Collectors C1, C3, and C5 are not shduwgune42, as
these were no longer used. The reason for this is expltiriedr insection 3.6 (electrospinability

of the TCES)To facilitate the nomenclaturpatterned collector C&as renameds ollector A,

C6 as collector B, and C4 as collector C.
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Figure4l. Micrographs of patterned collectors. A) C1, B) C2, C) C3, D) C4, E) C5, F3¢te

bar = 500 pm.
PatternA 5000 um Pattern B Pattern C
L 400 um - 1208 BT

Figure42. Micrographs opatterned collectors udéo successfully fabricate TCES. A) C2, B) C6,

C) C4 Scale bar = 500 pm
104



3.6. Electrospinability of TCES with and without bioactive compounds

Several electrospinning solutions of PLGA 50:50 and PCL were tested for their feasibility to
fabricate TCES using different patterned collectorsm&sitioned in sectioB.5, just3 patterned
collectors were further tested. The selection criteria weredb@asehe electrospinability of the
collectors and how close they resemble the native morphology of the nics14 shows the

results of all the dgmer solutions tested and how feasiibleas to produce TCES.

Table 14. Results of electrospinability for TCES with and without bioactive compoundsi The
sign representsa failed electrospun solution while the represents a successful electrospun

solution. Please refer ftable10 for the full description of every solution.

Code | Polymer Result | Comments

A3 — | Fibers rather avoided the surface of the collector. Eve
PLGA . .
) higher voltages or flow rates. Thest result was with lowe
50:50 : .
flow rates, but fibers do not resemble the microtopogra

B3

A7 Fibers rather avoided the surface of the collector. Hi
voltages and flow rates made a small improvement on
behavior, but the electrospinning jet was not stable.

B9 results were achieved at lower flow rates. However, fi
did not resemble theiorotopography.

+ Electrospun fibers were directed towards the collector
A9 PCL no further issues with electrospinability or fiber infiltrati
in the microfeatures regarding the collector used.

+ Fibers were deposited on tbellectors and TCES were ab

B10 ;
to preserve some topographical cues.

Electrospun jet was not stable, blockage on the capi

B11 —
occurred.
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B14 + No difference in electrospinability was noticed between
solution and A9 (PCL only). TCESuccessfully fabricated

B16 + Fibers were deposited on the collectors and TCES werg
to preserve some topographical cues.

Preliminary attempts with PLGA 50:50 showed that the polymer with its solvent system was not
suitable to successfully recreate the microtopography of the patterned collectors, even without the
inclusion of bioactive compoundgigure 43 shows SEM micrographs of PLGA 50:50 TCES
fabricated with patterned collector CFigure 43.A, Figure 43.B, Figure43.C) and patterned
collector C3 Figure43.D). High fabrication variability was observeéigure43.A, Figure43.B,
Figure43.C) because, even though the same patterned collector was used, the PLGA 50:50 TCES
obtained were different every time that was fabricated. For all tested collectors, it was observed
that fibers were not incorporated into the microfeature of the collegtbronly some fibers being
deposited on the top surface. This behavior created niches that only resemble the size of the tip of

the microfeature.
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Figure43. PLGA 50:50 TCES fabricated using patterned collector C5 (A, BCawahd patterned

collector C3 (D). Scalbar = 500 um.

However, it is important to highlight that with optimal electrospinning solution (A9) and process
parameters, it was possible to fabricate TCES using any of the collectors presented in this work.
The llowing section shows the results of PCL TCES fabricated using the three selected pattern
collectors Figure4?2) with the electrospinning solution A9 (PCL 12% DCM:DMF) and solutions

B10, B14, B16 (loaded with 8% 2dDr, 10% E2, and 10% AV respectively).

3.6.1. Scaffoldmorphology andiber diameter

PCL was elecbspun on the collectors, and TCES were fabricated, using colledtogus¢44.A),

collector B figure 44. B), and collector C Figure 44.C). Microfeatures were successfully
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fabricated using electrospun fibers. Furthermore, micrographs of AP treated TCES showed slight

changes in the microfeature sifegure44.D).

Figure44. TCES fabricated on A) patterned collector A, B) patterned collector B, C) patterned
collector C, and D) patterned collector B with AP treatment. Microfeature is highlighted with a

reddashed circle. Scale bar = 500 um.

SEM micrographs of crossectionof PCL RES and PCL TCES were obtainEdy(ire45). It can
be observed that PCL TCES (right) preserved the morphology of the patterned collector. This

further proves the feasibility of using PCL fibers to fabricate microfeatures.
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Figure45. SEM micrographs of crossections of PCL RES (left) and PCL TCElght) fabricated

using patterned collector B. Scélar = 500 pm.

In comparison with RES, preserving micro and macrostructure of the scaffolds is critical for the
fabrication of TCES. When PCL RES were exposed to AP treatment for 2 minutes at 50 W, instead
of the standard 10 W used for all PCL scaffolds, the morphology of the scaffold ch&imed (

46, A). During the air plasma treatment process, it was noticeable by eye that, when PCL RES
were exposed to 50 W, the morphology of the scaffold changed, making it smaller and losing its
origind morphology. PCL RES exposed at 10 W did not show any morphological chamges (

46, B). Thus, 10 W was kept as the power parameter for AP treamh@@ES to avoid any
significant change in morphologkigure47. A showsthe fiber morphology of PCL TCES with

no plasma treatment afigure47.B shows PCL TCES with AP treatment. It was visible that fiber

diameter was diérent between PCL TCES with no AP treatment and PCL RES with AP treatment.
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Figure46. PCL scaffold after air plasma treatment where A) was exposed to higher plasma settings,

50 W, than in B) 10 W.

Figure47. Micrographs of PCL TCES with A) no AP treatment, and B) AP treated. Scale bar = 10

gm.

TCES fiber diameter (no AP treatment) is showrFigure 48. The fiber diameter of TCES
fabricated with pattern A was 2.2 + 0.3 um, which was significantly higher in comparison to TCES
fabricated with pattern B ( 1.2 £ 0.3 um). Additionally, fiber deter of TCES fabricated with

pattern C was higher (1.9 = 0.3 um) compared to TCES fabricated with pattern B. Nevertheless,
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no significant difference was found between fiber diameter of TCES fabricated with pattern A and
TCES fabricated with pattern C. Theerage size of the microfeatures in the TCES is shown in
Figure49. The data shows that themasa low variationin the size of the microfeaturesegent

onthe TCES.

PCL TCES
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Figure48. Box plot showing TCES fiber diameter using pattern A, pattern B, and pattern C. Results
were analyzed with Oreray ANOVA. **** p < 0.0001. Results are shown as mean + SD. N=3

n=15.
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Figure49. Box blot of microfeature size of TCES made with patterned collectors A, B, and C.

Results are shown as mean = SD. N=3 n=3.

Fabrication of TCES with patterned collectors is of major importance for this project. However,
reproducibility is also important, as it would guarantee that the TCES will always have the same
dimensions for further biological evaluation. Frdfigure 50, it was observed that the most
reproducible pattern was pattern A. Nevertheless, &xen both patterns B and C were also
reproducible, pattern B was theost difficult to fabricate because of its smaller width and height
(that closely resemble native rete ridges) as it was more difficult to get the electrospun fiber further

inside a small space. However, all 3 patterns were reproducible.
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Reproducibility factor
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Figure 50. Reproducibility factor for the fabrication of TCES using pattern A, pattern B, and

pattern C, for both width and height. Results are shown as mean + SD. N=3 n=3.

TCES were fabricated using pattern C, where 8 % 28@u(e51.B), 10 % E2 Figure51.C) or

10 % AV (Figure51.D) were loaded. From the micrographgrigure51, it can be seen that the
morphology of the microfeatures was different according to the bioactive compound that was
loaded. Microfeatures on TCES loaded with 2dDr or with AV were smoother compared to
microfeatures on TCES loaded with E2 or with no bioactive compound. Furtheri@iESs

loaded with aloe vera showed no fibrous structure, in comparison to TCES loaded with 2dDr.
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Figure51. TCES fabricated using pattern C with A) no bioactive compound (control), B) 8 % 2dDr,

C) 10 % E2, and D) 10 % aloe ve&zxale bar = 500 pm.

Figure52andFigure53show the fiber diameter and size of the microfeature respectively of TCES
fabricated with patterned collector C and loaded with bioactive compounds. For fiber diameter,
only the scaffolds loaded with E2 showed an increase when compared with the control.
Furthermore, analysis of the microfeature average size showed that tis@maiuAV and 2dDr
produced smaller features when compared with the control. TCES loaded with E2 showed a slight

decrease in height but no significant difference in width when compared with the pure PCL control.
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Tablel5shows a summary of the microfeature size for all PCL TCES fabricated with and without

bioactive compounds.

TCES fibre diameter
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Figure52. Box plot showing diameter of TCES made with patterned collector C and loaded with
bioactive compound&esults were analyzed with Omagay ANOVA. **** p < 0.0001,* p <0.05

ns p .ResuWts aeShown as mean + SD. N=3 n=15.
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Figure53. Box blot of microfeature size of TCES made with patterned collector C and loaded with
bioactive compoundd$results were analyzed with Om&ay ANOVA. **** p < 0.0001. *** p <

0.001, *p<0.01ln s p .Resuts aeshown asean + SD. N=3 n=15.
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Table 15. Summarize data of microfeature size for all PCL TCES

compounds. Results are shown as mean £ SD. N=3 n=3

with and without bioactive

Patterned collector | Bioactive compound Height (um) Width (um)
A N/A 489 = 55 1967 £ 17

B N/A 180 £ 15 547 + 20

N/A 376 +8.45 1108 + 25

2dDr 158 + 30 498 + 94

C
E2 226 + 18 1063 + 67
AV 246 + 54 537 £ 55

4. Discussion

The electrospinning process is a versatile fabrication technique that hasbddar a wide range

of tissue engineering applications and the delivery of relevant biomolecules. Our results showed
that introducing bioactive compounds within the electrospinning solution is less of a challenge
when the polymer to electraspis less omplex in its chemical structure. The electrospinning
process of PLGA has been reported with different solvents but most authors agree that low flow
rates are needed to maintain a stablgg68]. Nonetheless, optimization can behievedby
changing to solvents such as 1,1,1,3}8,8 x a p2ypompanol, chloroform, or pure DCM as well

as increasinghe concentration of the polym§294].

The instability of the PLGA electrospun jet is related to the fluid elasticity of the electrospinning
solution and the cpolymeric structure of PLGA in which two different subunits (glycolic and

lactic acid) are reacting with the solteand the chain entangle within the polymer jet is more
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complex than linear polymers. Regarding the ratio of the lactic and glycolic acid, several authors
have studied the electrospinability of different blends and ratios of PLGA, showing that the PLGA
electrospinning process is more susceptible to changes in the dielectric constant of the polymer
solution [250], [263], [295] Using our current DCM:DMF solvent system, the PLGA
electrospinning process is more complex and pronagtability when working out of the

standardized parameters

PCL is a linear polymer that can be easily electrospun to produce different alignments and fiber
diameters and that has been used to fabricate implants for soft tissue regeneration and collagen
stimulation[296]. In comparison with PLGA, PCL can be electrospun under a variety of different
conditionsand the parameters in which the fibers are produced are so broad that they can be
changed during the electrospinning process to produce scaffolds with different fiber diameters.
From a fabrication point of view, the use of PCL makes a more stable andiuepte
electrospinning process, and thus PLC is a better candidate to religbdguce 3D

microtopographiewithin electrospun fibers

The two components selectéat the solvent system, DCM and DMF, were versatile enough to
dissolve thehree polymers tested in this the@d.GA 50:50 and 75:25, and PCL) as well as to
solubilize the bioactive compounds (2dDr, E2, and AW)e rationale behind the use of these
solvents is de to their high volatility and their ability to interact with different chemical
substances. Anothattractivepropertyof the DCM:DMF solvent system their high tolerance
within their clinical usewhich is600 ppm(parts per million)for DCM and 880 pm for DMF
according to the EMAEuropean medicines agend®97]i [299]. Research within our group
(Villanueva et al., publication under preparatibak proed that electrospun scaffolds fabricated

using the DCM:DMF solvent system showed significantly lower values than those presented by
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the clinical use threshold800]. DCM is a norpolar solvent that can dissolve most common
synthetic polymers such as PCL and PLGA, bwer, polar compounds such as 2dDr are only
soluble in polar solvents such as DMF. Therefore, by combining these two sdiwagpossible

to introduce different molecules within the solution. Additionaillyyastheorized that the use of
DMF also aidsn the electrospinning process as it can interact with the humidity that some polymer

pellets bring to the polymer solution as environmental contamination.

Regarding the inclusion of bioactive compounds, the work presented here shatis fhadsible

to produce scaffolds loaded with bioactive compounds up to 15% of their polymer weight. Loading
these compounds, however, severely limits the electrospinability of the polymer solutions. In the
case of PLGA 50:50 for example, the introductiéi%% 2dDr made the electrospinning process
unstable and thus this represents the highest concentration possible. For PLGABRRES,

the inclusion of the hormone had a significant impact on the electrospinaviéty wherthe
concentration wasower than 10% wt. This behavior is due to the interaction not only of the
biomolecule within the polymer solution but also with the process parameters, as it has been shown
that compounds that change conductivity, dielectric constant of the solvent, sunfioa,tand

viscosity alter the electrospinability of the solut{@50], [301]

Although possible to electrosp PLGA 75:25 scaffolds were significantly more challenging to
fabricate due to the low flow rate that required about 4 hoursitolspnL of polymer. This
behavior became more evident with the inclusion of 2dDr in which even at flow rates lower than
0.3 mL/hr the electrospun jet was unstable and impossible to electrospun aftd03@in. To
overcome the slow flow rate and low stability of the electrospinning jet, higher polymer
concentrations or other solvent systems could be tested as reported ayaeterg230], [302]

[304]. Because the stability of the electrospinning jet is crucial to fabricate the TCES, PLGA 75:25
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was discarded as a suitable polymer for this application, anddreerin vitro or ex ovoresults

are shown in future experimental chapters.

When loading bioactive compounds on PCL solutions, the versatility of the polymer allowed the
fabrication of highly concentrated 2dDr and E2 fibrous membranes. Moreover, onsoR{bns

were loaded with AV because the instability caused by the change from blend electrospinning used
to load 2dDr and E2, to emulsion electrospinning was only overcome on PCL polymer solutions.
The high solubility of AV on DMSO proved to be enougltteate highly concentrated solutions
that can introduce up to 10% of the polymer weight. Furthermore, the stability of PCL solutions
allowed us to successfully combine both 2dDr and AV into a single RES. Recently Yao et al.
showed the benefits of usingpa vera/polaxamer hydrogels to deliver BR5], thus our work

here explores for the first time the feasibility of using PLC fibrous scaffolds to deliver 10% wit.
AV and 8% wt. 2dDr. Similar to the PLGA 50:50, the concentrations reported here are the
maximum limit that could be electrospun using the PCL DCM:DMF solvent systaqure 54

shows the chemical structure and properties of DCM, DMF, and DMSO.
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Figure54. Chemical structure and properties of DCM, DMF and DMSO.
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Fiber diameter across PCL and PLGA RES showed that with the selected electrospinning
parameterd is possible to produce fibers within the 0.6 to 1.8 um size. The addition of bioactive
compounds on PLC solutions had a slight change in fiber diametemdibsion of E2 and AV
specifically, increases the fiber diameter (E2) and the size standard deviation (AV). For tissue
engineering applications, it has been reported that fiber diameter not only controls cell infiltration
but also can induce differentiati in the case of stem cells. Liu et al. showed that HDF seeded on
scaffolds with fiber diameters lower than 0.97 um interact with the surface as if they were culture
on 2D films[306]. Furthermore, Sun et al. showed HaCat migration is also cleatin} fiber
diameter and that thick 10um fibers are capable of inducing attachment for both HaCat and HDF
celllines[307]. Therefore, the ideal fibrous scaffold has a homogenous population of fibers within

the micron range to allow cell infiltration.

Higher concentrationsf up to 30% wt. of AV had been reported for PCL electnospcaffolds

[308] with other studies showing lower or the similarilD5% wt. concentrations showed in this

work [309]i [312]. Other studies increased the concentration of AV by modifying the physical
properties of AV and mixing it with PVA, however, this approach requires the use of higher
temperatures that could compromise tbioactivity of the AV[313]. The key factoron the
maximum amount of AV loaded into electrospun scaffolds is the use of more volatile solvents.
Nevertheless, both of these studies required the use of emulsion electrospinning or the combination
of two solvents as the complex mixture of the severaipmments of the AV (polysaccharides,
proteins, vitamins, and minerals) are not completely dissolved by most of the common polymer

solventq185], [188]

In comparison, introducing E2 and 2dDr into electrospun scaffolds is a straightforward procedure

performed by blend electrospinning. Several studies have reported concentrations of E2 lower than
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those presented here ranging from%0.Wt. to 5% wt[159], [166], [314], [315] It is unclear if

the maximum concentrations used in thosdisgiwere limited by the electrospinning process or

are related to the low concentrations of E2 needed to induce an angiogenic rg3f6hse
Regarding 2dDrpDikici et al. had reported the inclusion of up to 50% wt. of 2dDr on PHBV
electrospun scaffolds, such a high concentration of 2dDr could be possible due to the use of
methanol over DMF or due to the higher hydrophilicity compared to PCL of the polymer PHBV
usedto deliver 2dDr[166]. To the best of our knowledge, no other studies have attempted the

introduction of 2dDr on PCL or PLGA electrospun scaffolds.

Plasma treatment of PCL fibers wascessary to achieve rapid cell attachment due to the
hydrophobic nature of the polym@17]. Although not as significant as the plasma treatment, the
addition of bioactive compounds on the PCL fibers atfloénces wettability with fibers loaded

with 2dDr and AV showing lower contact angle values than those of the pure PCL. Several
research groups have reported the activation of PCL fibers to enhance biocompatibility or to create
delivery platforms for théelivery of complex biomoleculd818]. Because plasma treatment is a
wastefree surface modification method that is also beneficial as a partial sterilization technique
[319], its use for the activation of TCES is a promising approach to preserve the morphology of

the scaffold.

The standard Bial és orcinol met hod for pentos
micromolar concentrations of 2dDr and produced aalinealibration curve with a high?R
coefficient (0.99). However, the E2 calibration curve showed a nonlinear behavior and low R
coefficient (0.82) uncharacteristic of other studies that have quantified the releas¢16BE2

[166]. Because E2 is not soluble in water, our work here used a highly concentrated solution of E2

in DMSO to preparethe pM solutions used for the calibration curve. Although we also
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implemenedthe use of other solvents such as methanol or ethanol to dissothe &2a showed

that more workeeds to be dorte fully characterize a more reliable quantification mettoode2.

In contrast with scaffolds loaded with 2dDr and E2, there are a limited number of studies that have
reported the release of AV from polymeric scaffolds due to its complex nature. The two most
popul ar approaches ar eainindselutiori820]ordy UVtspeeroscopyg ol 6 s
[312], [321]. Because the origin of the AV (gel or fillet) and its manufacturing process are highly
related to the chemical composition of the AV, it is important to select the most accurate
guantification methothased on the AV sourckn the present workhe UV spectroscopy method

was preferred due to the low concentration of AV expected to be refeasethe scaffold (ug/mL)

and that about 55% of the AV composition is polysacchafRR3.

Zeng et al. studied how the similarities in the chemical properties of the solvent and polymer to
electrospun have an effect on ttheig release. The principle is that a sustained release from
electrospun fibers is mainly controlled by the similarities in polarity between the drug and the
polymer and the complete solubility of the drug in the solvent. This explains the burst release fr
scaffolds loaded with the polar 2dDr and the sustained release from scaffolds loaded 848).E2

In the case of AV, a release fastkan E2 and slower than 2dDr was expected because of its
complex mixture of polar (sugars and proteins) and-pmar (polysaccharides and phenolic
compounds) fraction$185], [188] The other factor related to the release profile for blend
electrospun scaffolds is the proportion of polymer/compound on the electrospinning §ak&ion
Therefore, future work could explore the effectadfigher PCL concentration to alter the burst

release of 2dDr.
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The initial release experiment was set up for 240 hours to evaluate thtetongelease of the
scaffolds. The information from this initial experiment revealed that in comparison with other
studies, the burst release of the 2dDr from both PCL and PLGA scaffolds occurred within the first
6 hours with approximately 80% of the 2dDr being released. In compab#gaai, et al. reported

a sustained release of 2dDr from PHVB electrospun scaffolds with ~ 32 mM around day 5 which
is about 70% of the total 2dDr load§b6]. However, a similar burst relea (>90% of 2dDr
release within 24 hours) was observedAndleeb et al. when loading 2dDr on cotton wound
dressingg168]. Moreover, Azam et al. loaded 2dDr on alginate dressings with a 50% being
releasd within the first 24 hour$170], highlighting the importance and effects that the polymer

matrix and how 2dDr is loaded hawe controlling its release.

The slow release of E2 from electrospun scaffolds has been reported before by several authors
with Mangir et al. and Shafaat et al. showing a release of E2 at 133 and 90 days, resfiEsgively

[159]. For our work with PCL RES, a longer release experiment should be necessary to determine
the amount of time necessary to release ri@e 90% of the E2 content as only 25% was retbase
within 72 hours. Similar to E2, the release profile of AV showed a burst release of 25% of its total
content followed by a steady release on the following 2 days. However, to the best of our
knowledge, oly one study has characterized the release of Aloe vera from electrospun scaffolds

as having a release above 75% within the first 24 HBAHA.

The effects of a sustained or burst release of progagio agents as well as a full rationale of
reducing the release time period for all the materials and compounds to 72 hours is fully explained
in chapteill as itis related to thex ovoCAM assayFuture work should explore and characterize

the effectsin the release profile of introducing more than one bioactive compound at different
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concentrations into the electrospun fibekslditionally, the effects of fiber porosity on release

profile should be addressed to better understand therelegase obseed for all the compounds.

The analysis of the chemical and physical properties of the RES revealed that the inclusion of the
bioactive molecules had minimal impact on the melting point. Regarding tensile strength, scaffolds
loaded with highconcentrations of 2dDr (15% wt.) sheglithe lowest values of tensile strength.

For skin tissue engineering applications, the use of an elastic material is preferable due to the native
elasticity of the skin (tensile strength betweénl® MPa) as it wilallow patient movement when
implanted[324], [325] The RES fabricated here havetalisile strength values between 1.8 and

3.6 MPa making them suitable candidates to be used for skin tissue regeneration. The main
difference in tensile strength and max elongation% was observed when compasirepteshand

AP treated PCL scaffolds. Thikange could be related to an increase in surface area due to plasma

etching[326] as observed on the SEM micrographs.

Regarding meltig point, the 3°C decrease on the PCL melting point (60°C) when loaded with AV

+ 2DdR would be relevant mainly for sterilization or lelegm storag¢327]. Because of the low

glass transition temperature oetRPCL (60°C)[296], it was decided not to study any possible
changes caused by the inclusion of the bisBaccompounds on the RES. Therefore, all our DSC
diagrams only cover temperatures from 30°C to 100°C. Moreover, the changes in contact angle
upon adding the bioactive compounds are interesting for future tissue engineering applications, as
they can altethe wettability of the scaffold while enhancing its bioactivity without the need for
any surface treatmenFEigure 55). Therefore,introducing the hydrophilic 2dDr or AV, or the
hydrophobic E2 is a promising strategy to activate the PCL scaffolds and modifying cell
attachment for tissuengineering applications. This change in wettabdityl its effects on cell

behavior ardurtherexplored in chaptdil .
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Figure55. Images of average water contact angle for PCL RES loaded with bioactive compounds.
Several studies have reported the shrinkage of PLGA scaffolds as well as strategies to overcome
this behaviof328], [329] However, because of the nature of this work, preserving the entire micro
and macro structure of the scaffold was critical to select the most appropriate material. Our study
with PLGA and PCL scaffolds showed that after 6 h in PBS at 37.5°C the PLGA scaffolds suffered
an average decrease in size of 70% of their original size regarding the plasma treatment or the
addition of 2dDr. In comparison, PCL constructs preserve their morpheiamn after 48 h under

the same conditions. Based on these resuligsdecided to explore the manufacture of PLGA
TCES but not to use these scaffolds for cell culture or any athertro experiments. A
comprehensive rationale of this decisiorsli®wvn in chaptedll whendiscussing cell culture on

both TCES and RES.

The change in opacity of PCL upon plasma treatment has been reported before by Sharma et al.
and it is related to the capacity of nveated PCL to entrap air between the fibers due to its high
hydrophobicity when compared with the AP treated scaffolaisatow for water penetration and

thus change the optical properties for the scaff@d8D]. This change in opacitalthough more
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