Digital Light Processing Bioprinting Full-Thickness Human Skin for Modelling Infected Chronic
Wounds in Vitro

by

Evan Stefanek
Bachelor of Engineering, University of Victoria, 2020

A Thesis Submitted in Partial Fulfillment
of the Requirements for the Degree of

Master of Applied Science

in the Department of Mechanical Engineering

©Evan Stefanek, 2022
University of Victoria

All rights reserved. This thesis may not be reproduced in whole or in part, by photocopy or other
means, without the permission of the author.



Supervisory Committee

Digital Light Processing Bioprinting Full-Thickness Human Skin for Modelling Infected Chronic

Wounds in Vitro

by

Evan Stefanek
Bachelor of Engineering, University of Victoria, 2020

Supervisory Committee

Dr. Mohsen Akbari, Mechanical Engineering

Supervisor

Dr. Stephanie Willerth, Mechanical Engineering

Departmental Member

Dr. Mina Hoorfar, Mechanical Engineering

Departmental Member

i



Abstract

Chronic wounds have a detrimental impact on patient quality of life, a significant economic cost,
and often lead to severe outcomes such as amputation, sepsis or death. The elaborate interplay
between bacteria, cutaneous cells, immune cells, growth factors, and proteases in chronic wounds
has complicated the development of new therapies that could improve outcomes for chronic wound
patients. Existing in vitro models of chronic wounds do not appreciably mimic the complexity of
the wound environment. In this work, tissue-engineered skin was developed with the goal of
creating an in vitro platform appropriate for testing potential clinical therapies for chronic wounds.
The Lumen-X, a digital light processing bioprinter, was used to create tissue-engineered skin from
a 7.5% (w/v) gelatin methacryloyl hydrogel laden with primary dermal fibroblasts. This dermal
layer was developed with an emphasis on providing a favourable microenvironment for the
fibroblasts in order to mimic their in vivo phenotype. An epidermal layer of human keratinocytes
was formed on the hydrogel surface and stratified through culture at the air-liquid-interface. The
maturation of the epidermis was thoroughly characterized with histology, immunohistochemistry,
and trans-epithelial electrical resistance analyses which showed a degree of maturation suitable for
wound healing studies. To verify the suitability of this tissue-engineered skin for studying healing
in vitro, sharp tweezers were used to create physical wounds in the epidermis which were then
infected with Pseudomonas aeruginosa. Reepithelialisation, the production of the pro-
inflammatory cytokine TNF-a, and the presence of bacteria were monitored over time, showing
healing in wounds without infection and those treated with antibiotics, and potential biofilm
formation in infected wounds. The tissue-engineered skin developed here is suitable for use as an
in vitro model of the infected chronic wound environment. Future work includes developing better
methods for creating the physical wound and characterizing the bacterial biofilm in order to
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improve the reproducibility and clarity of results. Such a model will then be well-poised to begin

testing potential chronic wound therapies in vitro.

v



Table of Contents

SUPEIVISOTY COMMUITIEE ....evvieniiieiiieiieeieeiie et erite et esteeebeesseesbeesseeesseesesesnseessaeesseensseenseessseesseensees il
YN 0113 v T APPSR i1
TaADIE OF CONLENLS ...ttt ettt ettt ettt b et et sbe e b et e sbeentesaeenee v
LIST OF FIGUIES ....eeeiiieeeiie ettt ettt e et e et e e e taeeestaaesssaeesssaeessseaesssaeessseeesseessseeans vii
LSt OF TADIES ...ttt sttt et s b ettt beeaees Xi
GLOSSATY ...ttt ettt e et e e et e e e tte e e taeeessaeeessaeesssaeesssaeessseeesssaeesseeesseeesseeesseennsseeans xii
ACKNOWIEAZEMENLS.......viiiiieiieciieeiieete ettt ettt e s b e e teesabe e baeesbeenseeenseenseeenseennes xiii
Chapter 1 - INtrOAUCTION .......ccciiiiiie ettt e st e e sibe e e s bee e areeeaseeesaeeennseeennns 1
1.1 Anatomy of HUMAN SKiN........ccciiiiiiiiiiiiiieiieeie et 3
1.2 The Wound Healing ProCess .........ccouiririiiriiniiiiiieiecicseeeeceeee et 6
1.3 CRronic WOUNGS.......ccouiieiiiieiiieeeiie et eette et et eeseveeeaaeeetaeessaaeesssaeessseeesssesessseeensseeans 9
1.4 Tissue-Engineered SKin MOdels..........coceeviriiniiniiiiiiiiiiccecceceeeece e 13
1.5 Natural Hydrogels and Gelatin Methacryloyl ...........ccccveviiieniiiinieieee e 18
1.6 Extrusion and DLP BiOprinting ..........cccceecvveeiiiieeiiieeiiie e s 23
1.7 Conclusion and OUtIOOK ..........c.ooruiiiiiiiiiiiieee et 25
Chapter 2 - Optimization of the Dermal Layer.........ccccoceoviiiiiiiiiiiiiniiiiceccececeeee 27
2.1 Materials and MethOdsS ..........coiiiiiiiiiiiii e 29
2.2 ReSults and diSCUSSION. ......ccuuiiitiiiiiiiieiie ettt ettt et e st esbe e et e seeeeaeeens 36
2.3 CONCIUSION. ...ttt ettt ettt sttt et sbe et s 45
Chapter 3 - Establishment and Verification of the Epidermal Layer...........c.cccccooeiiniiiiieninennen. 46
3.1 Materials and MethOds .........coouiiiiiiiiii et 47
3.2 Results and DISCUSSION . ....cccueiiiiiiiiiiieiiieeie ettt ettt st sbe e s b e eeaeeens 53
3.5 CONCIUSION. ..ttt ettt b et st sb et e bt et et sbt e b et e ebeenees 63
Chapter 4 — Healing of Infected in Vitro Wounds ...........cccoeveeeiieiiieiiienieeieecie et 65
4.1  Materials and MethOdS ..........ooiiiiiiiiiiii et 66



4.2 RESUILS AN DISCUSSION . ...neieeeeeeeeeeee et e e e e e e e e eee e e e eeeeeeeeeeeeaaaaeeeeereeeneaaaeaeeaereans

A3 CONCIUSION. ettt e e e e et e e e e e e e e e e e e e e e e e e e e e eea e aeeeeeeeeeeaaaaaeaeeaeeaaes

Chapter 5 -

References

Conclusion and FULUIe WOTK .......oooiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e

vi



List of Figures

Figure 1-1: (A) Anatomy of the epidermis and dermis (adapted with permission from [19]). (B)
Layers of the epidermis (reproduced with permission [19]).......ccccccevviienieniiiiiieniieiece e 3
Figure 1-2: Diagram of the cornified envelope and upper stratum granulosum (reproduced with
PEIMISSION [ 18]). 1.etieiiiiiieiieeit ettt ettt ettt et e e bt et eeabeesaeeesseessaeensaessaeenbeensnesnseens 5
Figure 1-3: Schematic of a wound at the end of the inflammatory phase of healing (Reproduced
with permission from [2] Copyright Massachusetts Medical SOCIety).........ccceevvieviierieeniienieennene 7
Figure 1-4: Schematic of a wound near the end of the proliferative phase of healing (Reproduced
with permission from [2] Copyright Massachusetts Medical SOCIety).........ccceevevieerieriieniienieeneene 8

Figure 1-5: The process of biofilm formation by planktonic bacteria (reproduced with permission

Figure 1-6: Comparison of human skin (A, C, E, G) with various examples of tissue-engineered
skin (B, D, F, H). Tissue-engineered skin models included a polystyrene scaffold (B, H), casted
plasma hydrogel (D), and bioprinted hybrid hydrogel (F). Keratin (C, D) and filaggrin (G, H) are
shown in green, and laminin is shown in orange in human skin (E) and white in the example of
tissue-engineered skin (F). In all IHC images (C-H) the nuclei are counterstained in blue. A, B, H
reproduced with permission [46]; C, D reproduced with permission [47]; F reproduced with
PEIMISSION [37]. 1eeiieiieiiie ettt ettt ettt ettt et e et e et e e et e e abeesaeeenbeessaeeaseesseeenseesnseenseenneesnseensnas 14
Figure 1-7: The most biologically relevant in vitro chronic wounds models. (A) Tissue-engineered
human skin that was artificially wounded (i) to study reepithelialisation in the presence of chronic
wound fluid (ii) (creative commons attribution license [49]). (B) A human epidermis above a
perfusable channel (i,ii) that was scratched, infected, and treated with antibiotics to study

reepithelialisation (iii) (creative commons attribution license [50])......ccccceevveeviienieeiiienieeieenen. 17



Figure 1-8: Synthesis of GelMA through the reaction of gelatin with methacrylic anhydride (MA)
(reproduced With PErmMiSSION [76])....ccueieiiieeiiieeiiee et eee e et eree e sree e reeesbeeeseveeesareeesseesnaeeens 21
Figure 1-9: Influence of DoF (reproduced with permission [79]) and GelMA concentration
(creative commons attribution license [82]) on the microporosity of the crosslinked hydrogel. Note
the discrepancy in scale between A and B..........cccoiiiiiiiiiiiicicceeeeeee e 22
Figure 1-10: (A) F-actin staining of human dermal fibroblasts after 7 days in culture encapsulated
in GelMA hydrogels (scale bar = 200 um, creative commons attribution license [82]). (B) Live
and dead staining of human neonatal dermal fibroblasts after 3 days of culture encapsulated in
GelMA hydrogels (reproduced with permission [36])......c.ccccueeuierieriiienieeieerie e 23
Figure 1-11: Simplified schematic of the DLP bioprinting mechanism. Created with
BIORENAET.COML ...ttt ettt ettt et e et saee et esaeeenbeeneees 25
Figure 2-1: Cytotoxicity of 90 minutes of LAP and/or Tartrazine Exposure to Fibroblasts in 2D
Culture. ‘Bioink’ = 0.3% LAP and 2.5mM tartrazine. * p < 0.05. ...cccooeiviriiniiniiiiniciecieeeee, 37
Figure 2-2: Printability of 5%, 7.5%, and 10% (w/v) GelMA demonstrated by DLP bioprinting a
model containing circular pores with nominal diameters of 2 mm (left), | mm (middle), 500 um
(top right), and 250 pm (bottom right). Scale bar: 1 Cm.......cccoecieiiiiiiiiiiee e 38
Figure 2-3: Schematic of the tissue-engineered skin biofabrication process. GelMA hydrogel and
primary fibroblasts are combined and DLP bioprinted into porous constructs (i) with a flat apical
surface (i1), and microporous interior (iii) that is laden with fibroblasts (iv). HaCaT cells are added
and after culture at the ALI a stratified and matured epidermis forms (v, vi). Scale bars: 1 mm (i),

100 pm (i1, V), SO M (111, Vy V1) tertteeiiieriieeteenieesieeieesteeteesiteeseeseteeseesseeenseessaesseessseenseesssesnseens 40

viil



Figure 2-4: Fibroblasts DLP bioprinted in 5, 7.5, and 10% (w/v) GeIMA on days 1 and 5 shown
with a live (green) and dead (red) stain. Scale bars: 500 um; and 100 um in the high magnification
TTISEES. eeutieiteteet ettt ettt ettt ettt et h et a e bttt et e a et e a e bt bt et eh e et ae e bt et e et sbe ettt e aeenes 41
Figure 2-5: Distribution of fibroblasts throughout a DLP bioprinted 7.5% GelMA construct after
5 days of culture. (A) Fibroblasts on the basal surface. (B) Maximum projection from a side-view
of the construct. (C) Stack of images showing fibroblasts encapsulated in the interior of the
hydrogel. Scale bars: 200 JML.......cooiiiiiiiiiieeeee et 42
Figure 2-6: Fibroblast proliferation in DLP bioprinted GeIMA constructs over 5 days of culture
(*p<0.05, **p<0.01, FF*¥P<O.001). .eeovierereieieeieeierieeee ettt eee st ree e st ste e e eseesseensesseenseenaesseennas 43
Figure 2-7: Representative images of cell densities in the tissue-engineered dermis after 5 days of

culture and human reticular dermis shown. White arrows indicate fibroblasts. Scale bars: 50 pm.

Figure 3-1:HaCaT plasma membrane labelling with Dil. Scale bars: 100 pm..........ccceeeeuennene. 48
Figure 3-2: HaCaT attachment to 5, 7.5, and 10% GelMA surfaces after 1 and 2 seedings. (A) Dil
labelled HaCaT cells shown at low magnification (scale bar: 500 um) with higher magnification
insets (scale bar: 100 um). (B) Quantification of HaCaT surface coverage after 1 and two seedings
(FPO.000T) . ettt sttt e a e sb et e at e sbe et e bbbt ettt sb ettt e b ens 55
Figure 3-3: (A) The implementation of submerged and ALI culture with Transwell inserts. (B)
Top-view of tissue-engineered skin after 2 weeks of maturation. (C) Stack of brightfield images at
various heights of the tissue-engineered skin after 2 weeks of maturation. Scale bar: 100 pm. .. 57
Figure 3-4: H&E staining of tissue-engineered skin cross-sections after 7 days culture at the ALI
shows (A) the gross tissue morphology, (B) the epidermal layer, (C) the presence of dermal

fibroblasts either in small cavities (white arrow) or spread in the hydrogel, and (D) the contrasting

X



smooth and ‘ribbed’ appearances of the GelMA hydrogel. Scale bar: 100 um (A) and 50 um (B,
O 1T B D ) TSRS 58
Figure 3-5: The morphology of tissue-engineered skin after 1 and 2 weeks of ALI culture with
dermal fibroblasts (+fibroblasts) and without (-fibroblasts) in comparison to human skin. White
arrows indicate flattened keratinocytes. Scale bars: 50 M. ........cceeveiiieriiiiiriiieeciie e 59
Figure 3-6: Localization of filaggrin (orange) in tissue-engineered and human skin via IHC with a
nuclear counterstain (blue). Scale bars: 50 WM. ......oooiiiiiiiiiii e 60
Figure 3-7: Localization of filaggrin in (A) tissue-engineered skin without fibroblasts on ALI week
2, (B) tissue-engineered skin with fibroblasts on ALI week 1, and (C) human skin. Scale bars: 50
FITL, o eiitiiteeeeeeeeeee ettt eeeeeeeeeeeeataaaaeeeeeeeeeaatassaseaeaaeeeeaassssaaaaeaeeesaaansssbaesaaaeeeeaannstbaaaeeeeeeeannnraraneeaaens 61
Figure 3-8: Localization of Ki-67 in (A) tissue-engineered skin +fibroblasts on ALI 1 week and
(B) human skin. White arrows indicate some of the Ki-67 positive keratinocytes. Scale bars: 50
FITL. 1 eeiiiiteeeeee e e e e tteteeeeeeseasannasaaeaaeeeseaassnsssseaaaasesaanssnnsseaaeeeeeaa nnnsseeaaeeeeeeanntnraeaeeeeeanannnrraaeeeeens 62

Figure 3-9: Comparison of the TEER of GelMA hydrogel, tissue-engineered skin, and human skin

(*p<0.05, #*p<0.01, F*¥EP<O.001). c.eoviriieiieiiiieieteeeet ettt s 63
Figure 4-1: Standard curve for the detection of TNF-a with ELISA. ..., 69
Figure 4-2:Infection of in vitro wound with P. aeruginosa...........c.ccecevieveeienienennenicnecenne 70

Figure 4-3: Reepithelialisation and bacterial colonization on uninfected (control), infected, and
treated wounds in tissue-engineered skin. Scale bars: 50 PM........ccceeviiiiiiiniieiiienie e, 71
Figure 4-4:Production of the pro-inflammatory cytokine TNF-a in tissue-engineered skin (A)
during maturation at the ALI and (B) after wounding and infection (*p<0.05)........ccccccevvernnnne 72
Figure 4-5: Progression of infection in an artificial wound. White arrows indicate bacteria. Scale

DATS: OO LTI ©oeiiiiieiiie ettt e et e et e e et e e e sbeeessaeeessaeessseeesssaeeasseeeasseeenseeesseeeseens 73



List of Tables

Table 1-1: Comparison between healing wounds and chronic wounds............cccceecevieneniennenne. 10
Table 1-2: Existing in vitro models of chronic wounds.............cccoccveeviieriieiiieniieiceceee e 16
Table 2-1: Fibroblast cell type and densities in tissue-engineered skin models. .............ccceneee. 28
Table 2-2: Bioink compositions for DLP bioprinting GeIMA hydrogels.........c..cccceeveerrienvrennnn. 32
Table 2-3: Printability map of circular pores in 5, 7.5, and 10% GeIMA. ........ccocevieverennenne. 38
Table 3-1: Antibodies used for IHC on tissue-engineered or human skin............c.cccceeeeviennrennnnn. 52

x1



Glossary

2D — Two dimensional

3D — Three dimensional

ALI — Air-liquid-interface

bFGF — Basic fibroblast growth factor
CAD — Computer aided design

ELISA — Enzyme linked immunosorbent assay
IHC — Immunohistochemistry

PDGF - Platelet derived growth factor

P. aeruginosa — Pseudomonas aeruginosa
TGFp — Transforming growth factor 3
TIMP — Tissue inhibitor of matrix proteases
TNF-a — Tumor necrosis factor o

VEGF — Vascular endothelial growth factor

xii



Acknowledgements

First, I would like to thank my supervisor Dr. Akbari for his guidance and support during
my time in his lab. He gave me enough freedom and autonomy to learn and grow while also
providing insight, detailed advice, and optimism whenever I told him “this isn’t possible”. I am

grateful for the opportunity he has provided me.

I would like to thank my fellow lab members, past and present, who motivated me to begin
this journey and have helped on every step of the way. I have Bahram Mirani and Brent Godau to
thank for their assistance and patience back when I was just a co-op student on a summer job—I
have been hooked on tissue engineering ever since. Pietro Arnaldi, Briana Dallinger, and Zhina
Hadisi, you were all instrumental in various parts of my thesis project, thank you for your
assistance and time. Finally, I would like to thank Hossein Dabiri, Amir Seyfoori, and Meitham
Amereh for answering my questions, our informal discussions, and for coming to me for advice;
you never truly understand something unless you can explain it to someone else. I wish you all the

best and hope we get the chance to work together again in the future.

Finally, I want to thank my fiancé and my family. Without your support, motivation, and

companionship I would not have made it to where I am today.

Xiii



Chapter 1 - Introduction

Human skin is a multifunctional organ that protects the body from pathogens, prevents
water loss, provides sensation, and can heal upon physical injury. In most cases, healing progresses
through an orderly cascade of stages which return the wound site to a similar state as before, albeit
with minor differences in mechanical strength and pigmentation. However, in some circumstances,
wounds fail to heal normally and remain in an inflamed state with little closure over a period of
months. These non-healing, or chronic, wounds are usually found in patients with underlying
conditions such as diabetes mellitus, spinal cord injuries, or vascular disease [1], [2]. Determining
the prevalence of chronic wounds is a well acknowledged challenge due to inconsistencies in
classifying chronic versus other types of wounds, under-reported self-treated cases, and
inaccessible clinical databases [3]-[5]. The Canadian Institute for Health Information (CIHI)
conservatively estimates that the prevalence of chronic wounds in long-term care residents in
Canada is 10%, with more specific data on wound severity or prevalence in the general Canadian
population being unavailable [3]. The current standard of care for chronic wounds varies
depending on the wound etiology, size, and the progression of healing, but usually includes a
combination of offloading, debridement, topical or systemic antimicrobials, and a wound dressing
that balances moisture levels. Despite best clinical practices, chronic wounds can still have a
detrimental impact on patient health and quality of life and may eventually lead to severe outcomes

such as sepsis, limb amputation, or death [6].

A collection of recent studies have shed light on the remarkably complex roles that immune
cells [7], [8], growth factors and cytokines [9]-[11], cutaneous cells [9], [12], [13], proteases [14],

[15], and biofilms [15], [16] play in chronic wounds. Despite these advances, it has remained a



challenge to develop clinical therapies that improve outcomes for chronic wound patients. This
can in part be attributed to the complexity of chronic wounds which tends to render therapies that
target a single characteristic of chronic wounds ineffective. Additionally, pre-clinical testing of
new wound healing therapies in animals is complicated by high expenses, a justified inclination to
minimize the number of animals used, and interspecies differences which reduce the relevance of

in vivo studies [17].

To overcome many of the limitations of animal models, tissue-engineered skin models have
been developed to enable in vitro testing of human skin. Applications of these skin models for
chronic wounds are twofold; they allow for high-throughput testing of potential therapeutics in a
realistic environment and also can be used to gain further insight on the complex mechanisms that
prevent chronic wounds from healing. Despite this potential, tissue-engineered skin has seldom

been used to study chronic wounds.

This thesis will explore the clinical need, design, verification, and use of a tissue-
engineered human skin model to study chronic wounds in vitro. First, the anatomy of human skin,
physiology of normal and chronic wound healing, and existing in vitro models of chronic wounds
will be discussed. The benefits and limitations of a variety of biomaterials for tissue engineering
will be deliberated and a suitable material and biofabrication approach will eventually be chosen
and justified. The design and experimental characterization of a tissue-engineered skin model will
then be presented with an emphasis on how the biofabrication protocol was optimized to provide
a favourable dermal microenvironment and a stratified epidermal layer. The mature tissue-
engineered skin will be compared to human skin in order to verify its similar structure and function.
Finally, the healing of an infected wound in the tissue-engineered skin will be investigated to

evaluate its suitability for mimicking the chronic wound environment.



1.1 Anatomy of Human Skin

Human skin is the interface between the interior of the body and its external environment.
Consequently, one of the primary functions of skin is to act as a barrier which prevents water and
nutrient loss and simultaneously blocks the ingress of pathogens, toxins, and radiation. Skin also
has many other diverse functions including regulating temperature, providing sensation, and
recognizing infections [18]. Structurally, skin can be divided into the epidermis and dermis which
both sit above a subcutaneous layer (Fig. 1-1 A). The epidermis consists of mostly keratinocytes

with little ECM and can be further subdivided into 4 layers in most parts of the body (Fig 1-1 B).
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Figure 1-1: (4) Anatomy of the epidermis and dermis (adapted with permission from [19]). (B)
Layers of the epidermis (reproduced with permission [19]).

All keratinocytes in the epidermis are products of cell division in the deepest epidermal layer,
called the basal layer or stratum basale [18]. Keratinocytes mature and undergo significant
structural and morphological changes as they are pushed farther from the basal layer by its
persistent cell divisions. The basal layer consists of a single layer of keratinocytes which are firmly

attached to the basement membrane. Next is the stratum spinosum, or suprabasal layer, which is



comprised of keratinocytes with a polygonal, or slightly flattened, morphology. Desmosomes
connect the intracellular keratin filaments of adjacent keratinocytes to give these cells their spiny
appearance and this layer its name [18]. In the stratum granulosum, or granular layer, keratinocytes
have an even more flattened morphology and are filled with keratohyalin and lamellar granules
which contain pro-filaggrin and lipids respectively (Fig 1-2). As keratinocytes further mature and
enter the stratum corneum, or horny layer, they undergo apoptosis, lose their nuclei, and release
their intracellular granules. Mature filaggrin aggregates keratin fibers in the lower part of the
stratum corneum to form a distinct intracellular keratin pattern in corneocytes, cells of the stratum
corneum (Fig. 1-2). A strong, insoluble cornified envelope forms on the borders of corneocytes
where the structural proteins loricrin and involucrin are crosslinked by transglutaminases.
Ceramides and other lipids released from lamellar granules fill the intercellular spaces between
corneocytes in the stratum corneum. The combination of the cornified envelope and intercellular
lipids act as a tight barrier which prevents water from passing through the stratum corneum. On
the superficial edge of the stratum corneum, lipases and proteases reduce the adhesion between

keratinocytes which causes them to gradually flake off, or exfoliate.
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Figure 1-2: Diagram of the cornified envelope and upper stratum granulosum (reproduced with
permission [18]).

The dermis sits below the epidermis and is much thicker, typically 1-4 mm depending on
the location in the body. Dermal papilla project up from the dermis to form a wave-like interface
with the epidermis. A thin, two-dimensional sheet of basement membrane comprises the actual
dermo-epidermal junction (DEJ). The basement membrane is a dense two-dimensional (2D)
network of fibronectin, laminin, collagen IV, and heparin sulphate fibers that together form a sheet
which strongly binds basal keratinocytes. Unlike the epidermis, the dermis mostly consists of ECM
and is sparsely populated by cells. Thick bundles of collagen I and III fibers are the primary
structural components of the dermis (Fig. 1-1 A). Elastin fibers, proteoglycans, and
glycosaminoglycans (GAGs) are also common and provide elasticity and strength in compression.
The glycoprotein fibronectin is crucial for integrin-mediated cell binding to collagen, fibrin, or
heparin. Fibroblasts are the major cell type found in the dermis and in healthy skin they function
to build and maintain the ECM network. Other resident cells of the dermis include: mast cells,

which can activate the immune system; endothelial cells and pericytes, which surround blood



vessels; and neurons which transmit signals of sensation or pain to the central nervous system. The
dermis can be subdivided into the papillary and reticular dermis (Fig. 1-1 A). The papillary dermis
sits immediately below the epidermis, has thinner collagen fibers, and contains many blood vessels
and nerve endings. The reticular dermis, on the contrary, is located deeper than the papillary layer
and contains significantly thicker collagen fibers (Fig. 1-1 A). Skin appendages such as sweat
glands, hair follicles, and sebaceous glands originate in the dermis and protrude through the
epidermis to reach the skin’s surface. Similar to the nomenclature used for skin grafts, full-
thickness will be used to refer to skin that has both a dermis and epidermis.
1.2 The Wound Healing Process

Shallow injuries that only harm the epidermis quickly heal as basal keratinocytes
proliferate and mature to restore the structure of the epidermis [20]. Deeper wounds that damage

both the dermis and epidermis initiate a complex cascade of events that typically heal the wound.

Haemostasis, the first phase of wound healing, begins immediately after the injury as
platelets clot with red blood cells and adjacent blood vessels constrict to prevent further blood loss
[19]. After blood loss stops, the inflammatory phase begins (Fig. 1-3). Mast cells in the dermis
secrete histamine as they migrate towards the wound site while platelets in the blood clot release
platelet-derived growth factor (PDGF), transforming growth factor f (TGFp) and other growth
factors [2], [20]. These pro-inflammatory cytokines attract circulating neutrophils which then
migrate through the blood vessel wall in the process of diapedesis. Once in the wound site,
neutrophils secrete free radicals and proteases to degrade damaged tissue and kill bacteria;
phagocytize bacteria and small tissue fragments; and secrete growth factors to recruit additional
leukocytes [1]. Neutrophil presence in the wound peaks after 24 hours and they are gradually

replaced by monocytes. Circulating monocytes are attracted to fibrin as well as the many pro-



inflammatory cytokines present in the wound site. These cytokines cause monocytes in the wound
site to gradually differentiate into macrophages. Neutrophils remaining in the wound begin to
undergo apoptosis and many are also either engulfed by macrophages or extruded out of the wound
into an accumulation of devitalized tissue on the wound’s surface, called slough [2]. By 48 - 72
hours after the injury, macrophages are typically the predominant leukocyte in the wound.
Macrophages take over the neutrophils’ role of engulfing bacteria and debris as well as begin to
secrete a variety of growth factors which stimulate adjacent fibroblasts, keratinocytes, and

endothelial cells to produce new, healthy tissue (Fig. 1-3).
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Figure 1-3: Schematic of a wound at the end of the inflammatory phase of healing (Reproduced
with permission from [2] Copyright Massachusetts Medical Society).

In the subsequent proliferative stage, cells in the epidermis and dermis begin to proliferate
and the wound closes through a combination of reepithelialisation, ECM accumulation, and wound

contraction (Fig. 1-4). Growth factors secreted by macrophages such as VEGF, PDGF, bFGF, and

7



KGF are essential to initiate and drive this process. VEGF and bFGF (FGF7) act on endothelial
cells to increase vascular permeability and stimulate angiogenesis in the wound bed [2], [19].
PDGF from macrophages or platelets and IGF from endothelial cells both stimulate fibroblasts to
migrate into the wound and proliferate [2], [10]. These fibroblasts deposit new ECM which forms
granulation tissue in the wound bed. The fibroblasts strike a delicate balance between secreting
matrix metalloproteases (MMPs) to degrade the fibrin clot and secreting tissue inhibitors of matrix
proteases (TIMPs) which inhibit the action of MMPs. Additionally, the fibroblasts secrete KGF
(FGF7) which causes keratinocytes on the borders of the wound to proliferate, migrate into the
wound, and reform the epidermis. During the proliferation phase, a population of fibroblasts
differentiate into a myofibroblast phenotype which then contract to physically pull together the

edges of the wound [12].

PA

MMP-1,2, 3,13
a

Eﬁﬁi'létion‘ﬁgsg._ ' Blood vessel

Dermis

Collagen

Figure 1-4: Schematic of a wound near the end of the proliferative phase of healing (Reproduced
with permission from [2] Copyright Massachusetts Medical Society).



Following the closure of the wound and reepithelialisation, the wound enters a phase of
remodelling or maturation. In this phase, collagen fibers in the dermis are remodelled as fibroblasts
continue to synthesize collagen and secrete MMPs. Over time, collagen fibers grow in diameter
and covalently crosslink together into a complex network. Three weeks after the injury, the
regenerated skin has only 20% the strength of the initial tissue, however, this eventually increases
to 70% of the initial strength due to the prolonged remodelling process [2].

1.3  Chronic Wounds

In some cases, wounds do not progress normally through the phases of wound healing and
are referred to as chronic or non-healing wounds. Underlying conditions that are risk factors for
chronic wounds include atheroschlerosis, the build-up of arterial plaque; venous insufficiency, the
inability for veins in the lower body to return blood to the heart; or neuropathy, nerve damage
causing a lack of feeling or numbness that often results from diabetes mellitus [1], [20]. Clinical
care of chronic wounds can include a combination of debridement, topical or systemic
antimicrobials, a moist dressing, skin grafting, off-loading, and pain management depending on
the wound etiology and current state of healing [2]. Extensive clinical studies on chronic wounds
have provided valuable information on how the biochemical environment of chronic wounds
compares with that of healing wounds (Table 1-1). The concentrations of influential growth factors
are imbalanced in chronic wounds in comparison with healing wounds [11], [21]. Particularly, the
levels of pro-inflammatory cytokines are higher and remain elevated for an extended period. This
may be caused by the abnormal accumulation and persistence of neutrophils in the wound which
secrete the pro-inflammatory cytokines interleukin-1f3 (II-1p) and tumor necrosis factor-a (TNF-
a) [11]. Moreover, the presence of excessive bacteria in chronic wounds can also cause an extended

period of inflammation. High concentrations of proteases in chronic wounds have detrimental



effects on the production of new ECM [22] and also quickly degrade peptide growth factors before
they can stimulate cell proliferation [23]. Fibroblasts cultured in vitro with exudate from chronic
wounds were senescent while those cultured in exudate from healing wound were highly
proliferative [21], which can partially explain why chronic wounds struggle to produce new ECM
and healthy granulation tissue. Collectively, this evidence indicates that chronic wounds are

trapped in an inflammatory state and struggle to progress to the proliferative phase of healing.

Table I-1: Comparison between healing wounds and chronic wounds.

Healing Wounds Chronic Wounds
Cytokine/Growth Factor Baseline 1 pro-inflammatory cytokines [11], [22]
Milieu
Concentrations of proteases Baseline T MMPs [22], [24]
and their inhibitors | TIMPs [11], [22]
Presence of bacteria Low levels High levels of bacteria and/or biofilm
formation [1], [25], [26]
Number and type of Baseline 1 neutrophils [20], [27]
leukocytes present
Fibroblast phenotype Proliferative Senescent [21]

One plausible reasoning for the persistent inflammation in chronic wounds is that the high
prevalence of bacteria drives a continuous cycle of inflammation and immune activation which
fails to remove the infection and also stalls the progression out of the inflammatory phase. In
general, bacteria in wounds can exist in either a planktonic state or as a biofilm. Planktonic bacteria
are individuals that have adhered to a solid substrate while biofilms are characterized by a large
number of closely adjacent bacteria with a thick protective coating of extracellular polymeric
substances (EPS) including polysaccharides, lipids, and proteins (Fig. 1-5) [15], [26]. All wounds
likely contain a variety of planktonic bacteria; however, in chronic wounds bacteria have

frequently colonized much of the wound and formed a biofilm. This is exemplified by the findings
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of James ef al. that biofilms are found in 60% of chronic wounds and only 6% of healing wounds
[25]. The presence of devitalized tissue and low oxygen tension in chronic wounds provides
planktonic bacteria with favourable conditions to proliferate. As the bacteria increase in number,
molecular pathways and secondary messenger cascades are initiated which can induce the
formation of a biofilm (Fig. 1-5) [26]. The matrix of EPS helps coordinate the spatial organization
of the bacterial community and provides protection from physical disruption, antibacterials, and
host neutrophils [28]. Biofilms are difficult to diagnose on chronic wounds as they are usually less
than 100 pm thick and macroscopically appear similar to slough, exudate, or debris [26].
Antimicrobial hydrogel dressings have been proposed as a treatment for chronic wounds to reduce
bacterial colonization [29]. However, even if this approach is successful at preventing biofilm
formation, it does not address the many other differences between chronic and healing wounds

which also act as a barrier to healing.

Host material

Qs

c-di-GMP EPS: Proteins,
SRNA polysaccharides,

‘“ —_— nucleic acids, lipids,
— - — and bacterial debris

Anchoring
proteins

\ T/ L T N

x f L T 4 \ 7/
ol - e - S
. ° - -

Planktonic Surface Immature biofilm Mature biofilm
bacteria attachment (microcolony) with matrix formation

i)

Dispersal and detachment

. Planktonic bacteria . Biofilm bacteria Extracellular polymeric substances [ ] Host components

Figure 1-5: The process of biofilm formation by planktonic bacteria (reproduced with permission

[26]).
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It is difficult to attribute the non-healing of chronic wounds to a single factor and it is likely
that the collective interplay between many or all of these factors act to inhibit healing in chronic
wounds. Pre-clinical and clinical trials of topical growth factor therapies for chronic wounds have
mostly proven unsuccessful [30], [31]. This is potentially due to the treatment approach of
topically applying a single growth factor when the well-tuned collective action of dozens of growth
factors contributes to healing in healthy wounds. Additionally, the high concentration of proteases
in chronic wounds may degrade exogenous growth factors before they can exert a positive

influence.

Despite decades of extensive research on chronic wounds, the standard clinical treatment
still frequently leads to adverse outcome such as amputation. This is aptly summarized by Ken ef
al.’s call to action: “the immense economic and social impact of wounds in our society calls for
allocation of a higher level of attention and resources” [32]. The primary focus of almost all
published studies on chronic wounds has been either to elucidate further information on the chronic
wound environment or to test a potential therapy on a simplified in vitro model, in vivo, or in a
clinical trial. The desire to reduce the number of animals used for in vivo studies makes it
unfeasible to systemically test a wide variety of potential chronic wound treatments with animals.
Furthermore, in vivo studies are expensive and their results are complicated by the interspecies
biological differences between humans and animals [17]. On the other end of the spectrum, while
in vitro studies are relatively cheap and easy to perform, they do not mimic many aspects of the
chronic wound environment. For example, antibacterial wound dressings are often evaluated in
vitro by placing the dressing on an agar plate colonized with Staphylococcus. aureus (S. aereus)
or Pseudomonas aeruginosa (P. aeruginosa) and the zone of bacterial inhibition is observed [33],

[34]. While useful for evaluating antibacterial properties, such studies do not account for the
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heterogenous bacteria population and potential biofilms found in chronic wounds. Additionally,
they cannot provide an indicator of how the potential therapy will affect reepithelialisation, ECM
deposition, or wound closure as cutaneous cells are not present. An in vitro model of the chronic
wound environment which can mimic bacterial colonization, reepithelialisation, ECM deposition,
and the host immune response would represent a crucial step forward in the goal of developing
more effective clinical therapies for chronic wounds.
1.4 Tissue-Engineered Skin Models

Tissue-engineered skin would be a suitable in vitro platform for testing new chronic wound
therapies. Many examples of tissue-engineered skin currently exist with varying degrees of
complexity from a simple coculture of keratinocytes growing on a fibroblast-laden collagen gel
that was first introduced in the 1980s [35], to complex skin tissues with vasculature [36], [37],
immune functionality [38], or rete ridges [39]. The most common approach for creating
engineered-skin in vitro is to first create a dermal layer consisting of fibroblasts encapsulated in a
biocompatible hydrogel such as collagen [40], [41], GeIMA [42], [43], or fibrin [44]. The dermal
layer is commonly fabricated by extrusion bioprinting [37], [40], [42], [45] or micromolding [39],
[43]. Keratinocytes are then deposited on the top surface of the dermal layer and cultured at the
air-liquid-interface (ALI) until a mature stratum corneum has formed (Fig. 1-6). Satisfactory
maturation of keratinocytes in tissue-engineered skin is usually verified by histology and
immunohistochemistry (IHC) which show the structural morphology of the epidermis and its
proteins expression patterns respectively. Hematoxylin & eosin (H&E) is the most common
histological stain and it is very useful for evaluating if an orderly epidermis with flattened
keratinocytes in the stratum granulosum and stratum corneum has formed (Fig. 1-6 A, B). Proteins

such as keratin 5 or 14 (Fig. 1-6 C, D), and laminin (Fig. 1-6 E, F) are used as markers of the
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stratum basale and basement membrane respectively. Significant expression of involucrin, loricrin,
and filaggrin (Fig. 1-6 E, F) should be seen in the stratum corneum. In tissue-engineered skin, poor
keratinocyte maturation or unexpected patterns of protein expression in the epidermis can be
caused by factors such as lack of air exposure, growth factor imbalance, or insufficient maturation
time. This is exemplified by Fig. 1-6 D which shows disorganized staining of keratin 14 that should
only be expressed by basal keratinocytes (Fig. 1-6 C). The intricacies of IHC analysis are
highlighted in Figure 1-6 E, F which show the differences between staining human skin with a
pan-specific laminin antibody (Fig. 1-6 E) and mature tissue-engineered skin with a laminin 511-

specific antibody (Fig. 1-6 F).
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Figure 1-6: Comparison of human skin (4, C, E, G) with various examples of tissue-engineered
skin (B, D, F, H). Tissue-engineered skin models included a polystyrene scaffold (B, H), casted
plasma hydrogel (D), and bioprinted hybrid hydrogel (F). Keratin (C, D) and filaggrin (G, H) are
shown in green, and laminin is shown in orange in human skin (E) and white in the example of
tissue-engineered skin (F). In all IHC images (C-H) the nuclei are counterstained in blue. A, B, H
reproduced with permission [46]; C, D reproduced with permission [47]; F reproduced with
permission [37].
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Despite the existence of many sophisticated tissue-engineered skin models, relatively few
have been used to study chronic wounds in vitro. This criticism is supported by the comprehensive
review of in vitro platforms for studying chronic wounds by Kadam et al. in 2020 which
categorized all existing in vitro models of chronic wounds into four categories: microbes +
cutaneous cells, microbes + immune cells, microbes + ECM, and microbes + wound fluid (adapted
in Table 1-2) [48]. Notably, there were no models of chronic wounds that concurrently included
damaged human skin, infection, and immune cells. Most of the models that included cutaneous
cells and infection were rudimentary. Of all the existing in vitro chronic wound models, the
wounded tissue-engineered skin developed by Manuela ef al. is arguably the most biologically
relevant [49]. Using a tissue-engineered human skin model that included an epidermis and
fibroblast-laden dermis, this study observed the reepithelialisation of a biopsy punched wound that
was filled with a collagen hydrogel. During healing process, the tissue-engineered skin was
submerged in fluid taken from a chronic wound or in media as a control (Fig. 1-7A) [49]. This
experimental approach made it possible to observe how the cytokines and proteases in chronic
wound exudate affect reepithelialisation and fibroblast phenotype in vitro. However, the model
did not include bacteria or immune cells and the epidermis did not have a mature stratum corneum
as it was not cultured at the ALIL. Another study of note is Jahanshahi et al.’s infected epidermis
model which evaluated the reepithelialisation of an infected epidermal scratch with and without
antibiotics (Fig. 1-7 B) [50]. Interestingly, this model featured a hollow channel that snaked
through the gelatin hydrogel and was used to provide nutrients by perfusion; however, the channel
had no endothelium. Other limitations of this model include its shallow wound and the exclusion

of dermal fibroblasts and immune cells.
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Table 1-2: Existing in vitro models of chronic wounds.

Author Bacteria Cutaneous Cells | Immune Cells | Substrate Exudate Year | Ref.
Alves et al. 5 aures, Keratinocytes 2018 | [51]
. P. aeruginosa
Infection + Tankersle
cutaneous ot al Y S. aureus Keratinocytes 2014 | [52]
cells Jahan ﬁahi
a of Z / E. coli Keratinocytes Gelatin 2020 | [50]
Infection + F;ltlzt; S. aureus Neutrophils 2019 | [53]
immune a se;
cells etliz / r P. aeruginosa Macrophages 1999 | [54]
Werthen S. aureus,
Infection + et al. P. aeruginosa Collagen I 2010 1 [33]
ECM Price et al. 5 aureus, Collagen I 2016 | [56]
P. aeruginosa
Cutaneous .
cells + Manuela Ker.atmocytes, Collagen T Acute apd 2017 | [49]
exudate et al. Fibroblasts chronic
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Figure 1-7: The most biologically relevant in vitro chronic wounds models. (A) Tissue-engineered
human skin that was artificially wounded (i) to study reepithelialisation in the presence of chronic
wound fluid (ii) (creative commons attribution license [49]). (B) A human epidermis above a
perfusable channel (i,ii) that was scratched, infected, and treated with antibiotics to study
reepithelialisation (iii) (creative commons attribution license [50]).

After considering many of the existing in vitro models of chronic wounds, it is clear that
all are missing important aspects of the chronic wound environment. Neither Manuela et al. or
Jahanshahi et al. included immune cells, which play a central role in chronic wounds. At a
minimum, for an in vitro chronic wound model to adequately mimic the in vivo situation it should
include damaged human skin, infection, and immune cells. Kadam et al. ’s review goes even further
with its description of the ideal in vitro chronic wound model, calling for vasculature and
mechanical stimulus in addition to the aforementioned factors [48]. To create such an in vitro
model, it is crucial to begin with tissue-engineered skin that is similar to human skin and is suitable

for infection studies. It should be possible to artificially create physical wounds in the tissue-
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engineered skin. The biomaterials and biofabrication technique used to create the tissue-

engineered skin must both be carefully chosen with these constraints in mind.

1.5 Natural Hydrogels and Gelatin Methacryloyl

A limited assortment of the proteins, glycosaminoglycans, and polysaccharides found in
humans and animals form hydrogels when isolated and dissolved in water. These natural hydrogels
are often used for tissue engineering applications to provide cells with a similar biochemical
environment as is found in the ECM of native tissues. Many of the natural hydrogels derived from
ECM proteins, such as collagen I, laminin, and fibronectin, promote cell adhesion and exhibit
minimal cytotoxicity in vitro [57]-[59]. As natural hydrogels degrade, their chemical by-products
are typically neither cytotoxic nor inflammatory [60]. One of the major drawbacks of using natural
hydrogels for tissue engineering is that the biofabrication of complex three-dimensional (3D)
structures can be challenging. Tissue-engineered hydrogel structures are typically fabricated via a
crosslinking reaction in which the polymeric chains in the liquid hydrogel crosslink with one
another, forming a viscoelastic solid. Natural ECM-derived hydrogels such as collagen I and
gelatin crosslink through a thermal mechanism which is slow and difficult to control spatially. This
is further complicated by the limited mechanical strength of many natural hydrogels which can
cause small features to fracture during or after fabrication [61]. As an exception to the pattern of
most natural hydrogels possessing these undesirable properties, alginate is a polysaccharide
derived from algae which quickly crosslinks to form a stable gel in the presence of divalent cations.
However, alginate lacks cell attachment motifs and also does not replicate the biochemistry of

human ECM, limiting its suitability for creating human tissues in vitro.
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Collagen I is a fibrous protein with a triple helix structure that is the majority component
of the ECM in most human tissues [58]. Purified collagen I from animal sources is commonly used
for creating tissue-engineered skin [40], [42], [62], cardiac tissue [63]-[65], and neural tissue [66].
GFOGER (O = hydroxyproline) motifs that promote cell attachment to Bi-containing integrins are
present throughout the collagen I helix which enables cells to attach to collagen gels in vitro [67],
[68]. As collagen I accurately replicates the biochemistry of the in vivo microenvironment, primary
cells laden in collagen I hydrogels in vitro generally have high viabilities and similar phenotypes
to their in vivo counterparts. Despite these advantages, collagen I has similar shortcomings as other
natural hydrogels, namely a slow thermal crosslinking mechanism and a weak mechanical

strength.

Gelatin is a natural hydrogel obtained from denaturing collagen through heat-mediated
hydrolysis of the crosslinks maintaining its triple helix structure [69]. As a result of this process,
gelatin still has a similar chemical composition to collagen I but has a much-changed quaternary
structure of disorganized polypeptide coils in contrast to the original triple-helix. Gelatin also
retains the property of cell attachment, though now primarily mediated by integrin binding to
arginine-glycine-aspartic acid (RGD) motifs in its polypeptide backbone [67]. When cooled below
the concentration-dependant critical temperature of 26-31°C, gelatin is a solid due to physical
crosslinking between chains while at temperatures above, it melts into a shear-thinning liquid [70].
Although challenging to use alone in most cases, gelatin is often combined with other hydrogels
[71], [72], enzymatically crosslinked [50], or chemically functionalized into gelatin methacryloyl

(GelMA) to enable photo-crosslinking [73], [74].

Of these approaches, GeIMA has been widely adopted as one of the most popular

biomaterials in tissue engineering due its suitable and tunable mechanical properties, the high
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degree of spatial control over the photo-crosslinking reaction, and its cell adhesive properties [73],
[75]. GeIMA is synthesized by a reaction with gelatin and methacrylic anhydride in which
methacrylamide or methacrylate groups bind to amino or hydroxyl groups on gelatin respectively
(Fig. 1-8). Approximately 5% of gelatin’s amino acids have free amino groups (lysine and
hydroxylysine), while residues with hydroxyl groups such as serine, threonine, tyrosine, and
hydroxyproline make up another 19% [76], [77]. The GeIMA synthesis reaction heavily favors the
formation of methacrylamide modifications with a methacrylamide:methacrylate ratio of 9:1 in the
final GelMA polymer [76]. As the majority of the substitution reaction occurs at amino groups,
the degree of functionalization (DoF) of GeIMA polymers can be defined as the percentage of the
original amino groups that are later occupied by methacrylamide. By adjusting the volume of
methacrylic anhydride added per weight gelatin from 1% to 8% (v/w), the DoF of the resulting
GelMA polymer can be tuned. Most commonly, 6-8% (v/w) methacrylic anhydride is used which
results in a high DoF (75% to 85%) and produces crosslinked gels with higher mechanical

strengths than lower degrees of functionalization [74], [76], [78].
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Figure 1-8: Synthesis of GelMA through the reaction of gelatin with methacrylic anhydride (MA)
(reproduced with permission [76]).

The morphology of cells encapsulated within a non-toxic hydrogel depends on the presence
or absence of cell binding motifs, the intrinsic pore size of the matrix, and the stiffness of the
matrix. A major benefit of using GeIMA to produce cell-laden tissues is that it has cell binding
motifs (RGD) and both the pore size and stiffness of the matrix can be tuned. Many studies have
demonstrated that GeIMA with a higher DoF forms a stiffer gel with smaller microscale pores
(Fig. 1-9A) [79]-[81]. After the GelMA synthesis reaction, the solution is lyophilized (freeze-
dried) and then dissolved in an aqueous solution for use. Dissolving GelMA at higher
concentrations has also been shown to also produce gels that are stiffer and contain smaller

microscale pores (Fig. 1-9 B) [79]-[81].
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Figure 1-9: Influence of DoF (reproduced with permission [79]) and GelMA concentration
(creative commons attribution license [82]) on the microporosity of the crosslinked hydrogel. Note

the discrepancy in scale between A and B.

{ ;%

In a cell-laden hydrogel, filopodia extent from the cell body into the pores within the
hydrogel matrix in search of attachment sites [83]. Relatively small pores inhibit the penetration
of filopodia while larger pores enable deeper ingression. Proteases secreted by mesenchymal cells
are capable of locally degrading the GeIMA matrix [57] which allows for further extension of
filopodia or lamellipodia and even cell migration within the hydrogel. Many studies have shown
that fibroblasts suspended in 5% (w/v) GeIMA adopt a highly spread morphology similar to what
is seen in vivo (Fig. 1-10 A, B) [36], [82]. On the contrary, in higher concentrations of GelMA
such as 10 or 15% (w/v) the same cells have a round morphology with much smaller projections
(Fig. 1-10) [36], [82]. As cell morphology is correlated to patterns of gene expression [84],
maintaining a spread fibroblast morphology in vitro is crucial for mimicking the natural behavior

of these cells in both healthy and chronic wound models.
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Figure 1-10: (A) F-actin staining of human dermal fibroblasts after 7 days in culture encapsulated
in GelMA hydrogels (scale bar = 200 um, creative commons attribution license [82]). (B) Live

and dead staining of human neonatal dermal fibroblasts after 3 days of culture encapsulated in
GelMA hydrogels (reproduced with permission [36]).

1.6  Extrusion and DLP Bioprinting
The analysis of cell morphology within GeIMA hydrogels shows the benefits of using low

concentrations of GeIMA. In extrusion bioprinting, a syringe usually loaded with a biocompatible
hydrogel is mounted on a 3-axis motorized stage and the hydrogel is slowly extruded out of a
needle by a pneumatic or syringe pump [45], [71], [78]. The tip of the needle moves around the
build area to produce the desired shape as instructed by a computer aided design (CAD) file. With
this approach, the bioprinted gel must maintain its shape in order for the resolution and features to
be maintained; however, this is challenging to implement with low concentrations of GeIMA due
to the relatively weak mechanical properties and slow crosslinking. The extrusion process also

introduces shear stresses which are harmful for living cells [78], [85]. The resolution of extrusion
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bioprinting is limited by the inner diameter of the extrusion needle, and problematically, as the
needle diameter is decreased to improve resolution the shear stress increases which reduces the
viability of bioprinted cells [85]. For reference, extrusion bioprinting with a 27G needle (inner
diameter of 210 um) has shown suitable cell viability and would be considered a reasonably high
resolution for extrusion bioprinting [85], [86]. Many innovative solutions for extrusion bioprinting
low concentrations of GelMA have been proposed such as a coaxial mechanical support [86],
microfluidic flow focussing [87], and combining GeIMA with other materials [45], [71], [72] but

these have gained minimal traction mostly due to their complex biofabrication procedures.

A much simpler biofabrication technique to implement called digital light processing
(DLP) bioprinting has recently emerged as a practical solution for creating engineered tissues with
high resolutions using low concentrations of GelMA or other photo-crosslinkable hydrogels.
Following an array of publications describing custom-made DLP bioprinters and their applications
[88]-[91], a commercial DLP bioprinter called the Lumen-X was released by Cellink (Sweden) in
2020. DLP bioprinters use a light-source and digital-micromirror-device to project an image
through a transparent vat and onto the build platform where the part forms (Fig. 1-11). Each pixel
in the image can be selectively turned on or off by the software. For each layer, the corresponding
image is projected for a set duration, the build platform translates incrementally away from the
projector, and then the image for the next layer is projected. This process continues until the entire
part has been produced as specified by the original CAD file provided to the device. There is
minimal shear stress in the hydrogel as there is no applied pressure or small orifice which results
in a high viability for DLP bioprinted cells. Additionally, the resolution is only limited by the
spatial resolution of the projected image. The Lumen-X has a minimum layer height of 50 um and

projects an array of 1280 x 800 pixels which are each 50 pm x 50 pm, providing a maximum part
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footprint of 6.4 x 4.0 cm [92]. The projector forms each image with 405 nm light, allowing the
Lumen-X to photo-crosslink GeIMA without harming living cells encapsulated within the

hydrogel.
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Figure 1-11: Simplified schematic of the DLP bioprinting mechanism. Created with
BioRender.com.

1.7 Conclusion and Outlook

The complex interactions in the chronic wound bed between cutaneous cells, bacteria,
immune cells, and growth factors/cytokines have made it challenging to introduce new
therapeutics for chronic wounds that improve patient outcomes. Tissue-engineered skin can
function as a biomimetic in vitro testing platform for evaluating potential chronic wound therapies
in a controllable environment. The primary goal of this work is to develop a tissue-engineered skin
model that is suitable for studying chronic wounds in vitro. This goal can be divided into three

objectives which have each been dedicated a chapter of this work:

1. develop a tissue-engineered model of the human dermis,
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2. develop and verify a full-thickness skin model that includes the dermis and epidermis, and

3. demonstrate that the model can be infected and mimic wound healing in vitro.

Initially, the hydrogel and biofabrication process will be optimized to provide a favourable
microenvironment for dermal fibroblasts. An epidermal layer will then be added on the top surface
of the dermal construct and matured at the ALI The primary verification of the tissue-engineered
skin will be a histological comparison of the epidermal layer with human skin. Patterns of protein
expression and electrical resistance will also be compared between the tissue-engineered and
human skin. Finally, the epidermis will be wounded then infected and healing will be monitored

to establish the usefulness of this in vitro model for studying treatments for chronic wounds.

26



Chapter 2 - Optimization of the Dermal Layer

The dermis provides the majority of the skin’s mechanical strength, accounts for almost all
of its volume, and can exist in vitro independently of an epidermis [18]. In contrast, the epidermis
is much thinner and requires a substrate for keratinocyte attachment and stratification.
Accordingly, a tissue-engineered dermis will be designed and optimized in this chapter. The
epidermis will later be established on the top surface of the dermal constructs and will described

and verified in Chapter 3.

As the human dermis is comprised mostly of ECM and sparsely populated with fibroblasts,
the logical and widely followed approach for mimicking the dermis in vitro is to suspend
fibroblasts in a hydrogel that is then crosslinked to form a solid gel [37], [45], [47], [93], [94]. This
approach introduces many design parameters such as the hydrogel type and concentration,
biofabrication strategy, dermal cell type and cell density, and maturation/culture timeline which
all significantly influence the final engineered tissue. The previous discussion of natural hydrogels
and biofabrication methods in sections 1.5 and 1.6 respectively led to the decision to DLP bioprint

a GelMA hydrogel to form the dermal layer.

The dermal cell type chosen should have a similar phenotype to dermal fibroblasts, be easy
to use, and provide reproducible results. Stem cell-derived dermal fibroblasts require a
challenging, labour intensive, and often inconsistent differentiation process [95] and offer no
benefits over primary fibroblasts which are easily accessible. Thus, primary dermal fibroblasts
from a reputable source (ATCC) will be used. The cell density of fibroblasts in the dermal layer
should mimic the density of fibroblasts in the human dermis. There should also be a high enough

density of fibroblasts to produce a quantity of growth factors capable of inducing differentiation
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in the epidermal cells. Based on existing tissue-engineered skin models, a concentration of 0.5 x

10° fibroblasts per mL was selected (Table 2-1). This decision was also motivated by Schoop et

al.’s characterization of an epidermis seeded on hydrogels with fibroblast densities ranging from

0.05 to 0.5 x 10%mL [93]. Their results showed that 0.5 x 10° fibroblasts per mL provided the best

organized epidermis after 14 days of culture.

Table 2-1: Fibroblast cell type and densities in tissue-engineered skin models.

Author

Fibroblast Type

Fibroblast Density
(per mL)

Year

Ref

Kim et al.

Primary Dermal
Fibroblasts (Lonza)

0.5x 10°

2019

[37]

Baltazar et al.

Primary Dermal
Neonatal
Fibroblasts
(collected directly)

0.7 x 10°

2020

[42]

Abaci et al.

Primary Dermal
Neonatal
Fibroblasts
(collected directly)

0.125x 10°

2016

[94]

Barros et al.

Primary Adult
Fibroblasts (ATCC)

8 x 10°

2020

[45]

Schoop et al.

Primary Adult
Fibroblasts
(collected directly)

0.05-0.5x 10°

1999

[93]

Next, experiments were performed to verify the suitability of DLP bioprinting GelMA

laden with 0.5 x 10° fibroblasts/mL for creating a tissue-engineered dermis. The GelMA

concentration was also optimized experimentally by evaluating the printability and fibroblast

viability, proliferation, and morphology in 5, 7.5, and 10% GelMA.
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2.1 Materials and Methods

The following chemicals were purchased from Sigma-Aldrich: phosphate buffered saline
(PBS, cat#: P4417), gelatin Type A (cat#: G2500), methacrylic anhydride (cat#276685), 3-
(trimethylsilyl)-1-propanesulfonic acid sodium salt (TSP, cat#: A14489.MD), lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP, cat#: 900889), tartrazine (cat#: T0388), deuterium
oxide (cat#: 151882), bovine serum albumin (BSA, cat#: A1933), and neutral-buffered formalin

(NBF, cat#: HT5011).

Dulbecco’s Modified Eagle Media (DMEM) with L-glutamine and 4.5g/L glucose (Gibco,
cat#: 11965), fetal bovine serum (FBS, Fisher Scientific, cat# 10437), TrypLE Express (Gibco,
cat#: 12605), Dulbecco’s phosphate buffered saline (DPBS, Gibco, cat#: 14190), Alexa Fluor™
488 Phalloidin (Invitrogen, A12379), Live/dead viability kit for mammalian cells (Invitrogen, cat#
L3224), PrestoBlue cell viability reagent (Invitrogen, cat#: A13262), and 4',6-diamidino-2-

phenylindole (DAPI, Invitrogen, cat#: D1306) were used for cell culture and analysis.

2.1.1 GelMA Synthesis

The protocol for GelMA synthesis was based on published protocols [73], [74] and slightly
modified to avoid frequent issues. To begin, 10 g of gelatin was dissolved in 200 mL PBS at room
temperature and then heated to 60 °C with mild stirring. After the gelatin had dissolved to form a
clear solution, 8 mL of methacrylic anhydride was added to produce high degree of
functionalization (DoF) GeIMA. It is crucial to add the methacrylic anhydride in a slow, dropwise
manner while vigorously stirring the gelatin solution. If the methacrylic anhydride is added too
quickly, the stirring pauses, or the temperature drops, the solution may coagulate into a viscous
semi-solid gel which must be discarded and the synthesis procedure should be repeated from the

beginning. Once the methacrylic anhydride was added, the solution was protected from light and
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stirred mildly at 60 °C for 3 hours. The reaction was then stopped by dilution with 300 mL of PBS
pre-warmed to 60 °C and stirred mildly for 15 minutes. The reaction solution was aliquoted into
dialysis membrane tubing and dialysed into distilled water at 45 °C for 10 days with daily distilled
water changes to remove toxic by-products and unreacted methacrylic anhydride. Finally, the
dialyzed GeIMA solution was filtered with filter paper, frozen at -80 °C, and then lyophilized for

at least 5 days.

2.1.2 'H NMR Analysis of GelMA Functionalization

Lyophilized GeIMA was dissolved in deuterium oxide at a concentration of 0.77% (W/v)
and loaded into nuclear magnetic resonance (NMR) tubes. TSP was added as an internal standard.
"H NMR tests were conducted on a Bruker Avance NEO at 500 MHz and data was analyzed using

Topspin 4.1.3 (Bruker).

2.1.3 Cell Culture

Primary human neonatal dermal fibroblasts (ATCC® PCS-201-010™) were cultured in
DMEM with 10% (v/v) FBS and 100 U/mL penicillin/streptomycin in T25 or T75 flasks. At 90%
confluence, fibroblasts were passaged with TrypLE Express and split at a ratio of 1:10. Culture

media was changed every third day.

2.1.4 Bioink Cytotoxicity Analysis

The PrestoBlue™ assay uses a resazurin dye that is virtually non-fluorescent until it is
reduced to fluorescent resorufin by the reducing environment of viable cells [96]. As non-viable
cells or damaged cells cannot maintain a strong reducing ability, this allows the PrestoBlue™ assay
to detect the quantity of viable cells in a population based on the fluorescent intensity of the
solution. This assay can be used to quantify cell viability upon exposure to a potential cytotoxin

or to quantify cell proliferation over time as the dyes are not cytotoxic for short exposures.
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The potential cytotoxicity of LAP (photo-initiator) and tartrazine (photo-absorber) were
quantified with a PrestoBlue™ assay to confirm their suitability as additives to the bioink for DLP
bioprinting. Fibroblasts were seeded into a 96 well plate with 10,000 cells per well in 100 ul of
complete media. After 12 hours, all media was removed and replaced with various concentrations
of LAP, tartrazine, or both, dissolved in complete media. During the 90-minute incubation at 37°C,
Prestoblue working solution was prepared by diluting the PrestoBlue stock solution in complete
media at 10% (v/v). At the end of the incubation time all solutions were removed from the wells
and 100 pl of PrestoBlue working solution was added to each well. The plate was protected from
light for 12 minutes and then each well was read on a microplate reader (560/590 nm ex/em). The
reading of the blank (Prestoblue working solution in an empty well) was subtracted from each

value before data analysis.

2.1.5 DLP Bioprinting Cell-laden or Acellular Constructs

DLP bioprinting GelMA requires a photo-initiator to initiate the crosslinking reaction and
a photo-absorber to prevent excessive scattering of the projected light. LAP has proven a suitable
photo-initiator for photo-crosslinking GelMA with 405 nm light [91], [97]. LAP is unstable in
solution and was always stored at 4°C and used within 1 week. Tartrazine is a Food and Drug
Administration (FDA) approved yellow food dye (E102) that functions wells as a photo-absorber
with DLP bioprinting [88]. A 250 mM tartrazine stock solution was prepared in DPBS + 100 U/mL

pen/strep, stored at 4°C, and heated before use to redissolve any precipitates.

To prepare hydrogels for DLP bioprinting, tartrazine stock solution and LAP were added
to DMEM with antibiotic as required for the desired GeIMA concentration (Table 2-2). The
solution was protected from light and warmed in a water-bath at 40°C for 30 minutes or until the

LAP had dissolved. GeIMA was weighed and added to the solution which was then vortexed and
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left in the water bath for another 30 minutes for the GelMA to dissolve and the bubbles to settle.

Before use, the bioink was sterile filtered with a 0.22 pum acetate cellulose syringe filter.

Table 2-2: Bioink compositions for DLP bioprinting GelMA hydrogels

[GeIMA] [Tartrazine] | [LAP] | Crosslinking time Light 1*layer | Solvent Layer
(W/v) (W/v) per layer (s) Intensity | burn in Height
(mW/cm?)
5% 1.5 mM 27.5 DMEM +
7.5% 1.5 mM 0.3% 27.5 20 4X 100 U/mL | 50 um
10% 2.5 mM 25 pen/strep

A Lumen-X DLP bioprinter (Cellink, Sweden) was sterilized and moved into a biological
safety cabinet to provide a sterile environment. CAD models of the desired constructs were
uploaded with a USB drive and sliced at a 50 pm layer height. The crosslinking time, light
intensity, 1% layer burn-in, and layer height were all chosen as specified depending on the bioink

(Table 2-2).

If preparing cell-laden constructs, the cells were prepared at this stage. Briefly, fibroblasts
were dissociated and transferred to a falcon tube, centrifuged, resuspended, and counted with a
hemacytometer (Sigma-Aldrich, cat#: Z359629). A volume containing 550,000 cells was added to
another falcon tube which was again centrifuged and the supernatant was removed. 1.1 mL of
warm sterile bioink was added to the cell pellet and gently mixed by pipetting to homogenously
distribute the cells in the hydrogel. A slightly cut pipette tip was used to prevent cell lysis during
this step. The required volume of cell-laden hydrogel, usually 1.0 mL for small prints, was added
to the PDMS-coated petri dish and the print was started. A pre-printing control of 15ul cell-laden
hydrogel was taken from the residue in the falcon tube and added to 300 pl of complete media in

a 24 well plate.

32




During printing, a 24 well plate was filled with media and warmed at 37°C. After printing,
each construct was gently scrapped off of the build platform with a plastic razor and placed in a
well of pre-warmed media. A post-printing control of 15 pL of the remaining cell-laden hydrogel
from the petri dish was added to 300 ul of media. The bioprinted constructs were incubated at
37°C for 1-2 hours to allow the tartrazine and unreacted LAP to diffuse out. At that time, the media
was replaced with fresh complete media and the plate was returned to the incubator for culture.

Media was changed completely on days 1, 3, and 5.

2.1.6 Printability Characterization

To characterize their printability, GeIMA bioinks with 5, 7.5, and 10% (w/v) GeIMA were
prepared (Table 2-2) and DLP bioprinted into a 1 mm thick rectangle containing circular pores
vertically through the construct with diameters varying from 0.25 to 2 mm. Low magnification

panoramas of the constructs were taken with phase contrast on an inverted microscope.

2.1.7 Scanning Electron Microscopy

A Hitachi S-4800 scanning electron microscope (SEM) was used to image the flat upper
surface and cross-section of the DLP bioprinted 7.5% GelMA constructs. The constructs were
lyophilized to remove all moisture, mounted on SEM stubs, and sputter coated with gold in
preparation for imaging. Images were taken with a beam energy of 1 keV at a working distance of

8mm and magnifications of 180X or 450X.

2.1.8 DAPI and H&E Staining

The tissue processing, deparaffinization, and staining processes will be described at length
in section 3.1.5. Briefly, both human skin tissues and the bioprinted dermal layer were fixed with
10% neutral buffered formalin and subsequently dehydrated with increasing concentrations of

ethanol, incubated in xylene, and then placed in melted paraffin wax. Details about donors of the

33



human skin tissue were blinded by the provider (Biopredic, France), making ethical approval
unnecessary as per Article 2.4 of the 2018 Tri-Council Policy Statement—Ethical Conduct for
Research Involving Humans [98]. The tissues were then embedded in a wax block, sliced into 5
um sections with a microtome, and floated onto glass slides. After air-drying, sections were
deparaftinized with xylene, ethanol, and water. Slides were either stained with 5 pg/mL DAPI or
as per the H&E staining protocol. After staining, slides were incubated in ethanol, xylene,
coverslipped with Entellan, and imaged with a fluorescent inverted microscope or upright

microscope.

2.1.9 Metabolic Activity Assay

A PrestoBlue™ assay was used to evaluate cell proliferation in fibroblast-laden constructs
at 1, 3, and 5 days of culture after bioprinting. At each timepoint, 110 pL of PrestoBlue working
solution was added to clean wells of a 96 well plate and the cell-laden constructs were carefully
lowered into the solutions. A bioprinted hydrogel with the same GelMA concentration but without
cells was added to PrestoBlue working solution as the blank condition for each GelMA
concentration. This is necessary as resazurin (MW: 229 g/mol) diffuses into the hydrogel and
becomes trapped, giving a lower fluorescent intensity when incubated on an acellular hydrogel
than in an empty well. The hydrogels were incubated with PrestoBlue working solution for 1 hour
at 37 °C and then 100 pl was aspirated from each well and added to a separate 96 well plate. The
fluorescent intensity was immediately read on a microplate reader (560/590 nm ex/em). The
average blank value (acellular hydrogel) was subtracted from each reading before data analysis.

Three replicates of each GeIMA concentration and the acellular hydrogel were used.
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2.1.10 Live and Dead Staining

A live/dead viability kit for mammalian cells was used to determine the cellular viability
of fibroblasts in DLP bioprinted constructs. Calcein AM easily permeates cells and is
enzymatically converted by living cells to the highly fluorescent calcein which is then relatively
impermeable to the cell membrane. Ethidium homodimer-1 only enters cells with ruptured
membranes and subsequently binds to nucleic acids which tremendously increases its

fluorescence.

Live/dead working solution was prepared by diluting the live and dead dyes at 0.25 pl/mL
and 1.0 pl/mL respectively in DPBS. At 1 and 5 days of culture after bioprinting, fibroblast-laden
constructs were incubated in live/dead working solution for 30 minutes at room temperature
protected from light. The constructs were then washed twice with DPBS and imaged immediately

with a fluorescent inverted microscope (live: 488/525 nm ex/em, dead: 546/607 nm ex/em).

2.1.11 Cytoskeleton Staining

To visualize the morphology and distribution of fibroblasts in the bioprinted constructs,
filamentous actin (f-actin) and cell nuclei were stained. At 5 days of culture after bioprinting,
fibroblast-laden constructs were fixed for 45 minutes with 10% neutral buffered formalin at room
temperature then washed 3 times with DPBS. The constructs were permeabilized with 0.3%
Triton-X100 in PBS for 15 minutes. A stock solution of Alexa Fluor™ 488 Phalloidin was
prepared in methanol as per the manufacturer’s instructions and diluted 1:40 in PBS containing
0.3% Triton-X100 and 1% BSA. Constructs were incubated in the diluted phalloidin solution for
1 hour at room temperature protected from light, then incubated in a 5 pg/mL DAPI solution for
15 minutes. Finally, the constructs were washed 3 times in DPBS and stored at 4 °C until imaging.

A confocal laser scanning microscope was used to capture a z-stack of a segment of the construct.
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2.1.12 Data and Statistical Analysis

All statistical analysis in this chapter was performed using GraphPad Prism 8 and results
are shown as the mean plus or minus one standard deviation. The bioink cytotoxicity and cell
proliferation experiments were performed with three replicates for each condition. For the
cytotoxicity analysis, ordinary one-way analysis of variance (ANOV A) with a post-hoc Dunnett’s
multiple comparison’s test (o = 0.05) was used to compare the viability of each condition with the
control. For the cell proliferation analysis, the fluorescent intensity at each timepoint was
normalized to the average of that concentration’s initial intensity on day 1. This allows the results
on days 3 and 5 for each concentration to be presented as a fold-change compared to day 1.
Comparisons of the normalized cell proliferation in each GeIMA concentration after 5 days was

performed with two-way ANOVA using a post-hoc Tukey’s multiple comparisons test (o = 0.05).

2.2 Results and discussion
2.2.1 Bioink Cytotoxicity

Before cell-laden bioprinting was conducted, the cytotoxicity of LAP and tartrazine was
evaluated with a PrestoBlue assay. A 90-minute exposure time was chosen as a generous
estimation of how long the fibroblasts will be in contact with LAP and tartrazine during the printing
process before the bioprinted constructs are placed in media which allows both molecules to
diffuse out of the constructs. The cytotoxicity test was performed with three concentrations of LAP
(0.6%, 0.3%, 0.1% (w/v)) and tartrazine (5, 2.5, 1.25 mM) each tested separately (Fig. 2-1). Of
these, the only significant decrease in viability compared to the control was seen in the 0.6% LAP

condition (85.5 +5.5%, p=0.036). The bioink to be used for DLP bioprinting contains a maximum
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0f 0.3% LAP and 2.5 mM tartrazine. When exposed to this solution, referred to as ‘bioink’ (Fig.

2-1), fibroblasts showed an insignificant decrease in viability (89.6 + 2.9%, p = 0.195).

Viability (%)

Figure 2-1: Cytotoxicity of 90 minutes of LAP and/or Tartrazine Exposure to Fibroblasts in 2D
Culture. ‘Bioink’ = 0.3% LAP and 2.5mM tartrazine. * p < 0.05.

2.2.2 Printability Characterization

The DoF of the GeIMA used for all DLP bioprinting was 85.1% + 1.2%. A printability
characterization was performed with 5%, 7.5%, and 10% (w/v) GelMA to evaluate the suitability
of using DLP bioprinting to form small features. First, the printability of circular pores was
characterized by bioprinting a 3D model containing pores with diameters of 2 mm, 1 mm, 500um,
and 250 um (Fig. 2-2, Table 2-3). 10% GelMA showed excellent printability; all pore sizes formed
and there was minimal deformation near the edges of the construct. The 7.5% GelMA condition
also showed good printability with all pore sizes forming and only slight deformations near the
edge of the construct. On the contrary, with 5% GelMA the 250 um pores did not form, the 500

pum pores partially formed, and there was significant deformation on all edges of the construct.
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Significant swelling was also observed for the 5% GelMA condition which was not apparent with

7.5 or 10% GelMA.

10%
GelMA

Figure 2-2: Printability of 5%, 7.5%, and 10% (w/v) GelMA demonstrated by DLP bioprinting a
model containing circular pores with nominal diameters of 2 mm (left), 1 mm (middle), 500 um
(top right), and 250 um (bottom right). Scale bar: 1 cm.

Table 2-3: Printability map of circular pores in 5, 7.5, and 10% GelMA.

Pore Diameter

2mm | 1mm | 500 pm | 250 pm

5% GelMA
7.5% GelMA
10% GelMA

Printable

Not printable
Prints using concentrations of GelMA below 5% failed to produce constructs with
recognisable features. Although high concentrations of GeIMA such as 15 and 20% were easily
printable with high resolution (data not shown), these were considered unsuitable for creating

tissue-engineered skin due to their unfavorable cell microenvironment (Fig. 1-10) [82].
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2.2.3 Cell Viability in DLP Bioprinted Dermal Constructs

With the biocompatibility and printability of the bioink confirmed, GelMA containing
0.5x10° fibroblasts/mL was then DLP bioprinted to create a tissue-engineered dermis. The CAD
model was designed as a @ 6.25 mm disk with a thickness of 1 mm (Fig. 2-3) in order to snugly
fit in Transwell® Inserts (I.D. 6.5mm). Closely spaced circular pores with 500 um diameters were
included to provide adequate nutrients and oxygen to fibroblasts encapsulated in the hydrogel. The
pores only penetrate 750 um into the disk to preserve a flat surface on one face of the disk for the
epidermal layer which will be described in detail in Chapter 3. Hereafter, the flat surface will be
referred to as the apical surface and the face penetrated with pores will be referred to as the basal
surface. Arrays of 15 constructs were DLP bioprinted simultaneously (Fig. 2-3). Arrays printed
with 10% GelMA usually had all 15 constructs form without any defects. The printability was
slightly less consistent when using 7.5% GelMA, with 14/15 constructs typically printing to an
acceptable degree. This is evidenced by Fig. 2-3 which shows an array of 7.5% GelMA constructs
that all printed well except for the front right construct. When using 5% GelMA approximately

half of the constructs printed deformed.
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Human Keratinocytes
(HaCaT)

DLP Bioprinting

Primary (: }
Fibroblasts . .

Air-Liquid-Interface

Submerged Culture

Apical surface ) 2 Weeks of Culture

Mature Tissue-Engineered Skin

H&E DAPI

Figure 2-3: Schematic of the tissue-engineered skin biofabrication process. GelMA hydrogel and
primary fibroblasts are combined and DLP bioprinted into porous constructs (i) with a flat apical
surface (ii), and microporous interior (iii) that is laden with fibroblasts (iv). HaCaT cells are
added and after culture at the ALI a stratified and matured epidermis forms (v, vi). Scale bars: 1
mm (i), 100 um (ii, iv), 50 um (iii, v, vi).

Using this CAD model, GelMA concentrations of 5, 7.5, and 10% (w/v) showed high
fibroblast viability 1 day after bioprinting (Fig. 2-4). The pores appear to be allowing adequate
nutrients and oxygen to reach cells throughout the construct as even the cells farthest from the
pores were viable after 5 days of culture. As expected, fibroblasts encapsulated in the GelMA
hydrogel initially had a round morphology and eventually spread to varying degrees depending on
the hydrogel concentration and time in culture. After 5 days, most fibroblasts in 5% and 7.5%
GelMA developed a significantly elongated morphology with long projections while in 10%
GelMA most fibroblasts were rounded with small projections. This reaffirms the concept that low
GelMA concentrations are more appropriate for encouraging fibroblasts to adopt a similar

morphology as they do in vivo [36], [82].
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Figure 2-4: Fibroblasts DLP bioprinted in 5, 7.5, and 10% (w/v) GelMA on days I and 5 shown
with a live (green) and dead (red) stain. Scale bars: 500 um; and 100 um in the high magnification
insets.

2.2.4 Cell Distribution in DLP Bioprinted Dermal Constructs

To evaluate the 3D distribution of fibroblasts through the constructs, confocal microscopy
was used to take z-stack images of fibroblasts in 7.5% GelMA (Fig. 2-5). Filamentous-actin in the
fibroblast cytoskeleton was fluorescently stained green imposed over a blue nuclear counterstain.
The side view of this stack shows that fibroblasts were distributed evenly through the bulk of the
hydrogel. Interestingly, a large population of fibroblasts with a bipolar morphology proliferated
on the basal surface, regardless of whether that surface was facing upwards or downwards during
culture. Even after 5 days of culture the flat apical surface remained relatively free of fibroblasts,

presumably due to the relatively rough surface left by the build platform of the DLP bioprinter.
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Actin

Figure 2-5: Distribution of fibroblasts throughout a DLP bioprinted 7.5% GelMA construct after
5 days of culture. (4) Fibroblasts on the basal surface. (B) Maximum projection from a side-view
of the construct. (C) Stack of images showing fibroblasts encapsulated in the interior of the
hydrogel. Scale bars: 200 um.

The proliferation of fibroblasts within the bioprinted constructs was quantified with a
PrestoBlue assay, showing an over three-fold increase in the number of cells on day 5 compared
to day 1 for all GeIMA concentrations (Fig. 2-6). On day 5, normalized cell proliferation was
significantly higher in 5% GelMA than 10% GelMA (6.2- and 3.8-fold respectively, p = 0.0003).
Also on day 5, normalized proliferation in 7.5% GelMA (4.4-fold) was significantly lower than in
5% GelMA (6.2-fold, p = 0.0152) and only slightly higher than in 10% GelMA (3.8-fold, p =
0.553). Therefore, not only does a low concentration of GeIMA allow fibroblasts to develop a
spread morphology, it also encourages more cell proliferation. These findings are in agreement

with numerous studies that have touted the benefits of forming engineered-tissues from 5% GelMA
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[75], [78]. A limitation this analysis is that all viable cells growing either on the exterior of or
encapsulated within the constructs will contribute to the fluorescent intensity at each timepoint.
Especially on the 10% GelMA constructs, a significant population of fibroblasts were noticed
proliferating on the basal surface which could have skewed the results to overestimate the

proliferation of encapsulated cells.

E 5% GelMA
B 7.5% GelMA
mm 10% GelMA

Fold Change

Day 1 Day 3 Day 5

Figure 2-6. Fibroblast proliferation in DLP bioprinted GelMA constructs over 5 days of culture
(*p<0.05, **p<0.01, ***p<0.001).

The fibroblast viability and proliferation results confirm the results of the cytotoxicity
assay and the widely accepted consensus that GeIMA is a suitable biomaterial for producing
engineered tissues [73], [97], [99]. Constructs of 5, 7.5, and 10% GelMA all provided high cell
viability and even cell distribution throughout the hydrogel; however, they varied significantly in
terms of fibroblast morphology, proliferation, and printability. While fibroblasts adopted a spread
morphology and proliferated significantly more in 5% GelMA, it was challenging to produce small
features or arrays of constructs from that concentration. Conversely, 10% GelMA offered excellent
printability but a more rounded fibroblast morphology and significantly less proliferation over
time. The intermediate concentration, 7.5% GelMA, encouraged a spread fibroblast morphology
and offered a middle ground in terms of printability and cell proliferation.

43



The final design parameter of the dermal layer that was verified was the fibroblast density
within the hydrogel. The fibroblast density in thin slices of the tissue-engineered dermis was
compared to the cell density in similar slices of human reticular dermis using a nuclear stain (Fig.
2-7). Although qualitative, these representative images show that 0.5 x 10° fibroblasts/mL is a
reasonable approximation of the fibroblast density in the reticular dermis and for example is

neither an order of magnitude higher nor lower than the actual fibroblast density.

Tissue-Engineered Dermis  Reticular Dermis of Human Skin

DAPI

H&E

L
8

Figure 2-7: Representative images of cell densities in the tissue-engineered dermis after 5 days of
culture and human reticular dermis shown. White arrows indicate fibroblasts. Scale bars: 50 um.
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2.3  Conclusion
These experiments demonstrated that DLP bioprinting GelMA laden with 0.5 x 10°

fibroblasts per mL produces constructs with high cell viability, an even cell distribution, and a
similar cell density as in human reticular dermis. All GeIMA concentrations tested showed
sufficient fibroblast viability and proliferation over 5 days in culture, however; they differed
significantly in terms of printability and also promoted different morphologies of the encapsulated
fibroblasts. 10% and 7.5% GelMA showed good printability and could successfully form 250 um
diameter pores, while bioprinting with 5% GelMA was inconsistent and could only successfully
form pores with a minimum diameter of 1 mm. Fibroblasts encapsulated in 5% and 7.5% GelMA
both developed a well-spread morphology, indicating that these concentrations provide a desirable
cellular microenvironment. As it was not practical to proceed with 5% GelMA due to severe
challenges with printability, 7.5% GelMA was considered the optimal GeIMA concentration for
DLP bioprinting a tissue-engineered human dermis. While it may be tempting to increase the
photo-initiator concentration to improve the printability of low GelMA concentrations, the
cytotoxicity assay (Fig. 2-1) shows that increasing the photo-initiator concentration will lead to a
decrease in cell viability. Ultimately, the GeIMA concentration used to produce the full-thickness
tissue-engineered skin will also depend on if it is a suitable substrate for the epidermal layer. A
biofabrication approach for the epidermal layer should be selected with the target of being
compatible with a 7.5% GelMA substrate, although, the GeMA concentration could be adjusted,
if necessary, with knowledge and consideration of the detriments of higher or lower GeIMA

concentrations.

45



Chapter 3 - Establishment and Verification of the Epidermal Layer

A tissue-engineered model of skin for studying wound healing must also include the
epidermis as reepithelialisation and cellular cross-talk between keratinocytes and fibroblasts are
both crucial in the wound healing process [2], [31]. First, the keratinocyte cell type and
biofabrication approach will deliberated and then a suitable choice for each will be selected. The
experimental work of this chapter will outline the process of forming, maturing, and then verifying
the epidermal layer of the tissue-engineered skin. This epidermis will be formed on the flat apical

surface of the DLP bioprinted dermal constructs.

Unlike the dermis, the human epidermis is mostly comprised of cells and has relatively
little ECM (Fig. 1-1). In 2D culture human keratinocytes proliferate rapidly until a confluent
monolayer has formed. If the apical surface of the confluent keratinocyte layer is exposed to air,
the monolayer will stratify and differentiate into a mature epidermis. Accordingly, most
approaches for creating an epidermis in vitro take advantage of this property by only forming a
monolayer of keratinocytes and allowing a stratified epidermis to form through culture at the ALI.
Inkjet bioprinting [37] and pipetting cell suspensions [43], [62], [94] are the most common
approaches for creating an epidermis in vitro. While inkjet bioprinting offers more uniform cell
deposition and is highly scalable, it is not worth the complexity in most cases as even if there are

gaps in the initial cell layer the keratinocytes will quickly proliferate to form a confluent layer.

Primary human keratinocytes are readily available and once exposed to high Ca?*
concentrations or at confluence they begin to terminally differentiate and form a stratified
epidermis. However, these cells can only be expanded in vitro for a short time, have fluctuating

proliferation and differentiation characteristics at different passages, and have heterogenous
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phenotypes depending on the donor. These factors severely complicate the use of primary
keratinocytes in tissue-engineered skin. Immortal human keratinocytes cell lines such as hTert
keratinocytes or HaCaT cells (Human Adult low Calcium At high Temperature) solve many of
these problems as they can proliferate indefinitely, retain their ability to differentiate normally,
and have a homogenous phenotype [100], [101]. HaCaT cells in particular have frequently been
used in tissue-engineered skin due to their attractive in vitro growth and differentiation
characteristics [50], [62]. While HaCaT cells promptly form a stratified epidermis when implanted
in athymic mice, it is less straightforward to produce a mature epidermis from HaCaT cells in vitro.
Schoop et al. and Maas-Szabowski et al. performed intensive characterizations of HaCaT
stratification in vitro and reported the optimal conditions for differentiation: media supplemented
with 2 ng/mL TGF-a and 100 ng/mL GM-CSF, and an adjacent fibroblast feeder layer with 0.5 x

10° cells/mL.

For keratinocyte differentiation to occur, the apical surface of a monolayer must be raised
to the ALI In practice this is usually implemented with a Transwell™ insert, a well plate insert
with a permeable membrane that can suspend cells or a tissue above the bottom of the well.
Removing the media from the Transwell compartment exposes the tissue to air while it still
receives hydration and nutrients through the membrane from the remaining media in the well.

3.1 Materials and Methods
Trypsin-EDTA (Gibco, cat#: 15400), Dil (Invitrogen, cat# D3911), N,N-Dimethylformamide
(DMF, Caledon, cat# 3800-1), and transwell inserts (Sigma-Aldrich, cat#: CLS3470-48EA) were

used for cell culture and analysis.

Tween 20 (Sigma-Aldrich, cat#: P1379), tris base (Fisher Scientific, cat#: BP152-1), EDTA

(Fisher Scientific, cat#: S311), sodium citrate (Bio Basic Canada Inc., cat#: CB0035), xylene
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(Sigma-Aldrich, 534056), paraffin wax (Fisher Scientific, cat#: 22900700), SuperFrost Plus slides
(Fisher Scientific, cat# 12-550-15), entellan (Merck, cat# 1.07961.0500), acid alcohol 1%
(Newcomer Supply, cat#: 10011A), Harris’ Hematoxylin (Newcomer Supply, Cat#: 1201A), and

eosin Y (Newcomer Supply, cat#: 1072A) were used for tissue processing and histology.

3.1.1 HaCaT Cell Culture and Labelling with Dil

HaCaT cells (Addex Bio; Cat#: T0020001) were cultured in DMEM with 10% (v/v) FBS
and 100 U/mL pen/strep with media changes every second day. At 80-90% confluency cells were
passaged with 0.25% Trypsin-EDTA and split at 1:5 or 1:10. Media was changed every second

day.

The fluorescent cell tracker Dil was used to better visualize HaCaT cell attachment to
GelMA substrates (Fig. 3-1). This lipophilic dye integrates with the plasma membrane and is
retained for days in culture. A 1 mg/mL stock solution of Dil in DMF was diluted to 10 pg/mL in
3 mL of DMEM. The Dil media was added to a T-25 flask of semi-confluent HaCaT cells and

incubated at 37°C for 20 minutes. The HaCaT cells were then washed 3 times with DPBS,

trypsinized, and used as required.

Membrane labelling
with Dil

Phase Contrast Fluorescent Microscope

Figure 3-1:HaCaT plasma membrane labelling with Dil. Scale bars: 100 um.
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3.1.2 Characterization of HaCaT Coverage on GelMA Substrates

Hydrogel disks of @ 6.5 mm and 1 mm height were DLP bioprinted from 5, 7.5, and 10%
GelMA. CAD models without pores were used to improve the quality of the images. The hydrogel
disks were carefully placed in Transwell Inserts, ensuring that the rougher surface that was in
contact with the build-platform during printing faced upward in culture. The well and Transwell
compartment were filled with complete media and incubated for 2 hours at 37°C. Then media was
aspirated from the Transwell compartment and replaced with 100 pl of media containing 165,000
Dil labelled HaCaT cells (0.5 x 10%cm?) for each construct. After 24 hours the media was gently
changed to remove unattached cells and HaCaT cells that had adhered to the GelMA surface were
imaged with a fluorescent microscope. Media was again removed from the Transwell compartment
and the apical GelMA surface was seeded for a second time with 165,000 Dil labelled HaCaT cells
in 100 pl of media. 24 hours after the second seeding the constructs were washed and imaged again
as before. This characterization of HaCaT attachment was performed in triplicate for each GeIMA

concentration.

Images were imported to ImageJ to quantify the percentage of cell coverage on each
GelMA concentration. A colour threshold was set that was appropriate for separating the areas
covered with cells from the background fluorescence. This quantification was performed on one

low magnification and one high magnification image of each replicate.

3.1.3 Developing a Tissue-Engineered Epidermis

An array of dermal constructs with @500 um partial pores was DLP bioprinted from 7.5%
GelMA laden with 0.5 x 10° fibroblasts/mL. These constructs were cultured submerged in a 24
well plate for 5 days to allow for fibroblasts to attach, spread, and proliferate in the hydrogel and
to begin secreting growth factors. On the 5" day, the dermal constructs were carefully transferred
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into modified Transwell inserts with their apical surfaces facing upwards. This orientation provides
a flat upper surface for the epidermal layer to form on and also allows nutrients to diffuse through
the Transwell membrane and into the pores of the construct. The easiest method to accomplish this
in practice was to fill the Transwell compartment with media and allow the hydrogel to slowly
sink to the bottom. An inverted microscope was used to confirm the orientation of the constructs
which were floated into the media and flipped if necessary. 7.5% GelMA constructs without
fibroblasts were also loaded into Transwell with the apical surface facing upwards to evaluate how

the presence or absence of fibroblasts influences epidermal maturation.

HaCaT cells were then seeded on the apical surface of each construct in the inserts at a
density of 0.5 x 10%/cm?. After 24 hours the constructs were gently washed once with media and
another seeding of 0.5 x 10%cm? HaCaT cells was added to each Transwell compartment. The
confluent HaCaT monolayer was then cultured submerged in proliferation media (DMEM + 10%
FBS) for 2 days to begin the differentiation process. On the 2" day, the constructs were lifted to
ALI by removing the media from the Transwell compartment and replacing the media in the
bottom of the well with the epidermal differentiation media (DMEM + 10% FBS + 2 ng/mL TGF-
o+ 100 ng/mL GM-CSF, Fig. 3-2). Media was changed every 2" day for the first week and daily
for the second week. Culture media was taken at days 4 and 14 of ALI culture and stored at -80

°C for cytokine analysis.

3.1.4 Tissue Processing for Histology

At 7 and 14 days of culture at the ALI, inserts holding tissue-engineered skin were
transferred to a separate plate and fixed in 10% neutral-buffered formalin for 45 minutes at room
temperature. All steps were conducted in a fume hood as neutral-buffered formalin, xylene, and

Entellan all produce toxic fumes. Fixed tissues were washed with DPBS, dehydrated in ethanol,
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cleared in Xylene, then incubated in liquid paraffin wax following published protocols for
histological analysis of cell-laden hydrogels [37], [46]. A microtome was used to slice 5 um

sections which were floated onto glass slides and deparaffinized prior to staining.

3.1.4 H&E Staining

Hematoxylin and Eosin (H&E) staining is the most popular histology stain for clinical
evaluation of tissue morphology and is also widely used in tissue-engineering research [40], [93],
[95], [102]. The major benefit of H&E staining is that it clearly shows the gross morphology of
the tissue as well as the morphology of individual cells. The hematoxylin solution binds to acidic
intracellular components such as the nucleus and stains them a dark purple pigment [103]. Eosin
binds non-specifically to proteins and creates a gradient of pink colours in the cell cytoplasm, red
blood cells, and collagen fibers [103]. H&E staining was performed as per the manufacturer’s

instruction (Newcomer’s Supply).

3.1.5 Immunohistochemistry

While information about the tissue morphology is useful, it is often necessary to visualize
patterns of specific protein expression within tissue-engineered skin to confirm the maturation and
differentiation of the epidermis. Immunohistochemistry (IHC) uses antibodies that are specific for
various proteins and can be conjugated with fluorescent dyes to accurately visualize patterns of
protein expression with a fluorescent microscope. IHC was performed on tissue cross-sections
mounted on glass slides that were embedded, sliced, deparaftinized and hydrated as described in
the previous section. The general steps of IHC staining were heat-induced epitope retrieval,
permeabilization, blocking, primary antibody staining, secondary antibody staining, and finally

DAPI staining before mounting with a coverslip. Primary antibodies specific for filaggrin, laminin,
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fibronectin, and Ki-67 were used to characterize the tissue-engineered skin and compare it to

human skin (Table 3-1).

Formalin fixatives create crosslinks between proteins that can mask epitopes from
detection with IHC. Proving this point, when human skin was stained following this IHC protocol
but without antigen retrieval no signal was observed. The solution for this issue is to heat the slides
in a buffer to break the protein crosslinks and ‘retrieve’ the epitopes. This step must take place
after deparaffinization but before proceeding with the rest of the IHC protocol. The optimal buffer
for epitope retrieval is highly dependant on the epitope in question. Unfortunately, the optimal

buffer and pH is rarely mentioned on the antibody datasheet and usually must be determined

experimentally.
Primary ‘ _
] Species | Conjugate Source
Antibody
Filaggrin Rabbit Novus Bio: NBP1-87528
Laminin Rabbit Invitrogen: PA5-115490
Fibronectin Rabbit ProteinTech: 15613-1-AP
Ki-67 Rabbit ProteinTech: 27309-1-AP
Secondary
Antibody
. . Alexa Fluor .
Anti-rabbit IgG Goat 546 Invitrogen: A-11035

Table 3-1: Antibodies used for IHC on tissue-engineered or human skin.

3.1.6 Trans-Epidermal Electrical Resistance (TEER)
A function generator and digital multimeter were used to determine the electrical resistance
of tissues to alternating current [43]. @8 mm disks were biopsy punched from the human skin

samples and each was press-fit into a Transwell insert (6.5 mm). DLP bioprinted 7.5% GelMA
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constructs without cells were also loaded into inserts with the apical side facing upwards. All media
below the tissue-engineered skin in culture was removed. 500ul of Sterile PBS was added to each
well below the inserts loaded with human skin, tissue-engineered skin, or GeIMA constructs and
200 pl was added to the upper Transwell compartment. Two solid core wires were sterilized with
ethanol and rinsed once in PBS and used as electrodes. A function generator (Instek, GFG-8250A)
was used to apply a 50 mVp., square wave at 1.0 kHz across the sample. The alternating current
flowing through the sample was measured with a multimeter (Aneng, AN8008) in series. TEER

was performed at each timepoint in triplicate.

3.1.6 Statistical Analysis

All statistical analysis in this chapter was performed in GraphPad Prism 8 and results are
displayed as the mean plus or minus the standard deviation. A two-way ANOVA using Tukey’s
multiple comparisons test was performed to compare the differences in cell coverage between
GelMA concentrations at each timepoint (0=0.05). TEER measurements were compared with a

one-way ANOVA that also used Tukey’s multiple comparisons test (o = 0.05).

3.2 Results and Discussion

There are two strategies to form a confluent monolayer of keratinocytes on a hydrogel
surface, either a lower density of cells can be seeded which will then proliferate to eventually form
a confluent monolayer, or a high density of cells can be seeded which will form a confluent
monolayer soon after attachment. Seeding a low density of HaCaT cells on a high concentration
of GeIMA or gelatin (20% w/v) has proven suitable for creating a monolayer through the cell
proliferation approach [43], [50], presumably due to either the stiffness of the substrate or the high
density of cell binding sites on the hydrogel surface. However, it is not appropriate to produce the
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entire dermal construct from such a high concentration hydrogel when fibroblasts are encapsulated.
Unfortunately, lower GeIMA concentrations are less compatible with this proliferation strategy as
Zhao et al. demonstrated that 5, 7.5, and 10% GelMA were only ~50, 75, and 85% covered
respectively by HaCaT cells 7 days after low density seeding [43]. Conversely, the high density
seeding approach has been used for quickly forming confluent monolayers of keratinocytes on
7.5% GelMA [45] or softer hydrogels such as collagen [93], [102]. Benefits of this approach
include the shorter culture time required and the compatability with a tissue-engineered dermal

layer that consists of 7.5% GelMA.

3.2.1 Characterization of HaCaT Attachment to GelMA

To confirm if the high-density seeding approach will be successful on DLP bioprinted
constructs, 0.5 x 10%/cm? HaCaT cells were seeded on 5, 7.5, and 10% GelMA constructs (Fig. 3-
2 A). Even though significantly more HaCaT cells were added than required to form a confluent
layer, the cell-covered areas after 24 hours were only 22.8% + 14.9%, 74.8% + 11.9%, and 77.0%
+ 6.5% for 5, 7.5, and 10% GelMA respectively (Fig. 3-2 B). Instead of focusing on how to
optimize the surface for cell adhesion via coatings or other treatments, a second identical seeding
of HaCaT cells was performed to fill the gaps after the first seeding. This approach is simple and
also has the benefit of forming a two-layered sheet of HaCaT cells which should reduce the length
of culture required at the ALI for epidermal maturation [45]. 24 hours after the second HaCaT
seeding the cell-covered areas had increased to 26.1% =+ 9.0%, 98.5% + 1.2, 98.6% =£1.2 for 5,
7.5, and 10% GelMA. Both 7.5 and 10% GelMA were sufficiently covered with a confluent HaCaT

layer after 2 seedings while 5% GeIMA had significantly less coverage.
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Figure 3-2: HaCaT attachment to 5, 7.5, and 10% GelMA surfaces after 1 and 2 seedings. (A) Dil
labelled HaCaT cells shown at low magnification (scale bar: 500 um) with higher magnification
insets (scale bar: 100 um). (B) Quantification of HaCaT surface coverage after 1 and two seedings

(*p<0.0001).

Clearly this strategy for forming a confluent HaCaT layer is not suitable for 5% GelIMA

but can be used effectively with either 7.5 and 10% GelMA. Therefore, 7.5% GelMA will be used
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for all further experiments as it is the optimal condition for the dermal layer and is sufficient for

creating a confluent HaCaT layer with the approach of seeding twice with a high cell density.

3.2.2 Verification of the Maturity of the Tissue-Engineered Skin

After forming of the confluent HaCaT layer, the engineered skin was cultured submerged
in proliferation media for 48 hours and then raised to the ALI with the basal surface in contact
with differentiation media (Fig. 3-3 A). The originally transparent epidermal surface develops a
translucent appearance after approximately 7 days of ALI culture (Fig. 3-3 B). Brightfield images
taken on ALI day 7 (Fig. 3-3 C) show (i) the confluent basal keratinocyte layer, (ii) encapsulated
fibroblasts with a spread morphology, (iii) fibroblasts on the top surface of the pore, (iv) fibroblasts
on the internal surfaces of the pore, (iv) and fibroblasts on the apical surface. The expected spread
morphology of the fibroblasts throughout the scaffold after 2 weeks of ALI culture indicates that
nutrients are diffusing through the membrane up into the hydrogel and that the differentiation

media does not have detrimental effects on the fibroblasts.
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A Submerged Culture Air-Liguid-Interface
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Figure 3-3: (A) The implementation of submerged and ALI culture with Transwell inserts. (B) Top-
view of tissue-engineered skin after 2 weeks of maturation. (C) Stack of brightfield images at
various heights of the tissue-engineered skin after 2 weeks of maturation. Scale bar: 100 um.

Cross-sections of the tissue-engineered skin stained with H&E clearly show the epidermis
and encapsulated fibroblasts with dark nuclei and light pink cytoplasm (Fig. 3-4 A, B, C).
Interestingly, many but not all of the fibroblasts are located in a circular void in the hydrogel, likely
due to MMP secretions locally degrading the GeIMA matrix. An unexpected ‘ribbing’ pattern can
be seen that is not observed on H&E sections of human tissues and appears to be a nuance of
performing paraffin-based histology on hydrogels tissues (Fig. 3-4 D). When the paraffins sections
are floated after slicing, the hydrophilic hydrogel expands significantly yet the wax surrounding
the hydrogel remains the same size. There is usually a slight gap around the hydrogel which

provides some space for expansion, but in almost every tissue section some of this ribbing pattern
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is observed. It seems that this is a product of the histology process and does not correspond to any
differences in the intrinsic properties of the hydrogel. This hypothesis is supported by the darker
eosin staining of the ribbing pattern which indicates a higher concentration of proteins that would

indeed be present in compressed regions of GeIMA.

Figure 3-4: H&E staining of tissue-engineered skin cross-sections after 7 days culture at the ALI
shows (A) the gross tissue morphology, (B) the epidermal layer, (C) the presence of dermal
fibroblasts either in small cavities (white arrow) or spread in the hydrogel, and (D) the contrasting
smooth and ‘ribbed’ appearances of the GelMA hydrogel. Scale bar: 100 um (4) and 50 um (B,
C, and D).

Tissue-engineered skin was matured at the ALI for up to 2 weeks. To investigate the
influence of dermal fibroblasts on epidermal maturation, tissue-engineered skin constructs with
fibroblasts (+fibroblasts) and without (-fibroblasts) were matured and stained with H&E after 1
and 2 weeks of ALI culture (Fig. 3-5). As expected, fibroblasts contribute significantly to the
integrity and organization of the epidermal layer. Tissue-engineered skin without fibroblasts in the
dermal layer after 1 week of maturation was not strong enough to stay intact through the histology
process and after 2 weeks the epidermal layer was poorly organized. In the tissue-engineered skin
with fibroblasts a significantly more organized epidermis was present after 7 days of maturation

and moderately flattened keratinocytes were seen in the superficial layers of the epidermis. After
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14 days, drastically flattened keratinocytes were observed in the upper layers of the epidermis (Fig.
3-5, white arrows) but a fully-formed stratum corneum was clearly absent. From the histology
analysis alone, it appears that the stratum spinosum and stratum granulosum have formed. More
analysis is needed to determine if the flattened keratinocytes have formed a primitive or partial

stratum corneum.

Tissue-engineered skin Tissue-engineered skin
-fibroblasts +fibroblasts

Human Skin

Figure 3-5: The morphology of tissue-engineered skin after 1 and 2 weeks of ALI culture with
dermal fibroblasts (+fibroblasts) and without (-fibroblasts) in comparison to human skin. White
arrows indicate flattened keratinocytes. Scale bars: 50 um.

IHC analyses were performed to more clearly compare the degrees of maturation and
organization between the tissue-engineered and human skin sections. Filaggrin is a marker of
epidermal maturation that is present in the upper edge of the stratum granulosum and the lower
stratum corneum in human skin (Fig. 3-6). Tissue-engineered skin without fibroblasts did not
display a detectable level of filaggrin expression, while organized but weak expression was
observed with fibroblasts after 1 week of ALI culture (Fig. 3-6). Interestingly, this the pattern of
filaggrin expression is less organized after 2 weeks of ALI culture. This highlights one of the
limitations of histological analysis of engineered-tissues: at each timepoint a sample must be fixed

and stained, making it impossible to monitor how a single construct develops over time.
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Presumably, if the +fibroblasts construct that was fixed and stained after 1 week had instead been
allowed to mature for 2 weeks a stronger pattern of filaggrin expression would have been observed
with similar organization, although this hypothesis is impossible to verify. Regardless, the weak
filaggrin staining on the upper edge of the tissue-engineered skin after 1 week indicates that in
places a mature stratum granulosum has formed. Patches of primitive stratum corneum could also

be present in these regions.

Tissue-engineered skin Tissue-engineered skin
-fibroblasts +fibroblasts

Human Skin

week

DAPI Filaggrin

weeks

Figure 3-6: Localization of filaggrin (orange) in tissue-engineered and human skin via IHC with
a nuclear counterstain (blue). Scale bars: 50 um.

Laminin is a primary component of the basement membrane between the epidermis and
dermis and various laminin isoforms are also expressed by keratinocytes in the stratum basale.
This marker can be used to evaluate if the dermo-epidermal junction is intact and well developed
which is indicated by a crisp difference in intensity between the basal layer and papillary dermis.
Human skin stained with a pan-specific laminin antibody showed strong expression in basal

keratinocytes and little to no expression in the dermis. HaCaT cells grown in 2D stain positively
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with this laminin antibody (data not shown), but in tissue-engineered skin without fibroblasts the
intensity of laminin staining in the epidermal layer was similar to the background (Fig. 3-7 A).
Tissue-engineered skin with fibroblasts showed significant laminin expression and a distinct

dermo-epidermal junction, further confirming the expected organization of the tissue Fig. 3-7 B).

A Tissue-engineered skin B Tissue-engineered skin
-fibroblasts +fibroblasts

Laminin . . Laminin

C

Human Skin

Laminin

Figure 3-7: Localization of filaggrin in (A) tissue-engineered skin without fibroblasts on ALI week
2, (B) tissue-engineered skin with fibroblasts on ALI week 1, and (C) human skin. Scale bars: 50

um.

Basal keratinocytes are the only cells that divide in the human epidermis which helps
maintain the organization and define the gradient of cell maturity throughout the epidermis. Ki-67
is a nuclear protein expressed by proliferating cells during all phases of the cell cycle and is
commonly used to evaluate the epidermal organization of tissue-engineered skin [37], [42], [43],
[94]. The expression of Ki-67 in the tissue-engineered skin with fibroblasts was confined to a small

population of basal keratinocytes as expected (Fig. 3-8). This indicates the epidermal layer of the
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tissue-engineered skin is developing and maturing normally and will continue to do so over time.
The prevalence of Ki-67 positive basal keratinocytes is much higher in the tissue-engineered than
human skin. This is also seen in many other tissue-engineered skin models [37], [42], [43] and
could be attributed to the hyperproliferative nature of keratinocytes in wounds as they attempt to
quickly reform a stratified epidermis from a confluent monolayer, similar to the growth pattern of

keratinocytes in tissue-engineered skin..

A Tissue-engineered skin B Human Skin
+fibroblasts

Figure 3-8: Localization of Ki-67 in (A) tissue-engineered skin +fibroblasts on ALI 1 week and
(B) human skin. White arrows indicate some of the Ki-67 positive keratinocytes. Scale bars: 50

um.

Another common method for evaluating the maturation of tissue-engineered skin is
measuring the trans-epithelial electrical resistance (TEER) [40], [43], [104]. An alternating current
is used to prevent damaging direct current from flowing through the cells which allows TEER to
be monitored over time on the same tissues. Fig. 3-9 shows that the TEER of tissue-engineered
skin after 1 week (95.5 £ 19.3 Q-cm?) had not increased significantly over the TEER of a GeIMA
hydrogel without cells (82.8 £22.6 Q-cm?, p = 0.875), but after 2 weeks of ALI culture the TEER
had significantly increased (169.7 £ 19.0 Q-cm?, p = 0.0012) compared to the baseline. This

indicates a meaningful increase in the barrier properties of the engineered tissue. However, the
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TEER after 2 weeks of ALI was still significantly lower than that of human skin (268.3 £ 28.5
Q-cm?, p = 0.0009). Further cornification and the formation of a fully-developed stratum corneum

would likely be required for the tissue-engineered skin to have a similar TEER to human skin.
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Figure 3-9: Comparison of the TEER of GelMA hydrogel, tissue-engineered skin, and human skin
(*p<0.05, **p<0.01, ***p<0.001).

3.5 Conclusion

The tissue morphology, protein expression patterns, and electrical resistance of the tissue-
engineered skin were evaluated and compared to human skin. While the tissue-engineered skin did
not have a fully developed stratum corneum, highly flattened keratinocytes are present, indicating
that the stratum spinosum, stratum granulosum and a potentially a portion of the stratum corneum
are present. This is supported by the presence of slight filaggrin expression on the upper edge of
the epidermal layer, which is usually found on the upper edge of the stratum granulosum and
throughout the lower stratum corneum in normal human skin. The presence of an intact dermo-
epidermal junction was confirmed by laminin staining. Ki-67 expression was used to determine

that cell proliferation within the tissue-engineered skin was limited to basal keratinocytes as
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expected. Finally, the electrical resistance of the tissue-engineered skin was found to be
significantly higher than the resistance of the GeIMA hydrogel, but lower the TEER of human
skin, again indicating that the tissue-engineered skin had matured to a significant degree. These
verifications confirm that the tissue-engineered skin has an organized structure and has matured
considerably, albeit without a complete stratum corneum. In its current state, the tissue-engineered
skin model developed is not appropriate for mimicking the barrier properties of skin for drug or

cosmetics testing, but is suitable for studying healing in chronic wounds.

During culture at the ALI, the epidermal layer is exposed to the air inside the incubator
which has a relative humidity of over 95%. Although this is common practice for developing
tissue-engineered skin, the humidity is substantially higher than the typical humidity that human
skin experiences on a day-to-day basis. It is tempting to hypothesize that reducing the humidity
during ALI culture will either increase the speed or final degree of epidermal maturation; however

further experiments would be necessary to confirm this hypothesis.
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Chapter 4 — Healing of Infected in Vitro Wounds

Ultimately, tissue-engineered skin is only useful for modelling chronic wounds if it can be
artificially wounded and subsequently shows healing in vitro. Bacterial infection plays an
important role in chronic wounds and ideally should be included in an in vitro wounding
experiment to mimic the chronic wound environment. As a proof-of-concept, an infected wound
healing experiment was performed on the tissue-engineered skin to determine firstly if it is capable
of healing, and secondly how bacterial infection influences healing. The depth of the wound and
the species of bacteria used must be chosen strategically for the results to be relevant to chronic

wounds.

There are two major options for the depth of the wound: it can either penetrate only the
epidermis, or both the epidermis and dermis. While a wound that damages the dermis is more
representative of the chronic wound environment, it is challenging to implement on tissue-
engineered skin due to the soft nature of the hydrogel. Additionally, an artificial wound that
removes part of the dermis will provide a rough or uneven hydrogel surface that may impede
reepithelialisation. Manuela ef al. demonstrated that it is possible to inject a collagen hydrogel into
a full-thickness in vitro wound and observed reepithelialisation on the flat upper surface of the
injected hydrogel (Fig. 1-7 A); however, a simpler approach was desired for this proof-of-concept
experiment. Scratch assays are commonly used in 2D culture experiments with HaCaT cells to
observe to speed or degree of reepithelialisation in response to pharmaceuticals, conditioned
media, or infection [50], [105], [106]. Typically, a single line is scratched into a confluent

monolayer of keratinocytes with a pipette tip. Keratinocytes from either side of the scratch migrate
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and proliferate to fill the void over time (Fig. 1-7 B). This reproducible and easy to implement

wounding method was chosen to evaluate the healing of the tissue-engineered skin.

P. aeruginosa is one of the most common bacteria found in chronic wounds [107], [108]
and has been extensively studied with in vitro models (Table 1-2). P. aeruginosa has also
demonstrated an ability to form biofilms in vitro [16], [55]. For these reasons P. aeruginosa was
chosen to infect the tissue-engineered wound. P. aeruginosa is gram-negative with a rod-shaped

structure and a single polar flagellum that provides motility [107], [109].

4.1 Materials and Methods
P. aeruginosa, tryptic soy agar (Sigma-Aldrich, cat#: 22091), tryptic soy broth (Sigma-Aldrich,

cat#: 22092), and ciprofloxacin HCI (Sigma-Aldrich, cat#: PHR1044) were used for bacteria

culture and infection experiments.

High binding microplates (Greiner Bio., cat#: 655081), 3,3°,5,5’-tetramethylbenzidine (TMB
substrate, Sigma-Aldrich, cat#: T0440), and a mini TMB ELISA kit for TNF-a (PeproTech, cat#:

900-TM25) were used for quantifying pro-inflammatory cytokine production.

4.1.1 P. Aeruginosa Culture

P. aeruginosa was streaked onto tryptic soy agar (TSA) plates and cultured at 37°C in a normal
atmosphere. When necessary, a single colony was suspended in tryptic soy broth, vortexed to
homogenize the solution, and the optical density (O.D) at 600 nm was measured in triplicate on a

microplate reader.
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4.1.2 Artificial Wounding of the Tissue-Engineered Skin

Tissue-engineered skin after 14 days ALI culture was used for all wounding experiments. All
media was aspirated and each Transwell insert was individually transferred to a sterile petri dish
for wounding. Sharp tweezers were sterilized with 70% ethanol then used to create roughly circular
artificial wounds in the epidermal layer of the tissue-engineered skin. An inverted microscope was
used to confirm that the epidermis was completely removed from the wound bed; the wound

surface was scratched again if keratinocytes were still present.

4.1.3 Infection and Treatment of the in vitro Wound

A single P. aeruginosa colony was inoculated in tryptic soy broth and diluted to create a solution
with an O.D. (600 nm) of 0.4. The bacteria were centrifuged and resuspended in an equal volume
of DMEM without antibiotics. The wounded tissue-engineered skin was washed once with DMEM
without antibiotics and then divided into three groups, control, infected, and treated, each
containing 4 biological replicates. Each group was transferred to its own separate well plate to
prevent cross-contamination. The infected and treated groups were both inoculated with 10 pl of
the P. aeruginosa solution which was pipetted directly onto the artificial wound and incubated at
37°C for 2 hours to allow bacteria to adhere to the wound. After the incubation, antibiotic-free
proliferation media was added to the Transwell compartments of the control and infected groups.
Proliferation media containing 0.4 pg/mL ciprofloxacin, a concentration shown to be non-
cytotoxic to HaCaT cells [50], was added to the Transwell compartments of the treated group. The
submerged culture conditions mimic the moist healing environment that is desired in clinical

wound care.
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4.1.4 ELISA Analysis of Pro-Inflammatory Cytokines
On ALI days 4 and 14 (before infection) the culture media was removed from 3 wells and
stored at -80 °C. At 24 and 48 hours after infection, the media was aspirated from the Transwell

compartments and either stored at -80 °C or used immediately.

An enzyme-linked immunosorbent assay (ELISA) was used to detect TNF-a, a pro-
inflammatory cytokine, in the culture media during normal growth and after wounding. Samples
were diluted 1:3 in diluent to ensure they fell within the detectable range of the assay (16-2000
pg/mL). The manufacturer’s detailed instructions were followed exactly to perform the assay.
Briefly, wells were incubated with the capture antibody overnight then washed 4 times with
washing buffer. The standard was serially diluted by factors of 2 from 2000 pg/mL down to 15
pg/mL in triplicate. The standard or a diluted sample (1:3) was added to each well and incubated
at room temperature for 2 hours. After 4 washes, the detection antibody was added and incubated
for 2 additional hours at room temperature. Streptavidin-HRP working solution was added to each
well for 30 minutes then replaced with the TMB substrate. Colour developed over the 20 minutes
TMB incubation which was promptly stopped by adding 1M HCI. Results were read on a
microplate reader at 450 nm with reference wavelength correction at 620 nm. A linear trendline fit

well to the standard curve with R?=0.9946 (Fig. 4-1).
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Figure 4-1: Standard curve for the detection of TNF-o, with ELISA.

4.1.5 Statistical Analysis
All data was displayed as the mean plus or minus one standard deviation. Microsoft Excel was
used to process the ELISA data and plot the TNF-a standard curve. GraphPad Prism 8 was used
to plot and analyze the experimental TNF-a results. A two-way ANOVA was conducted using
Tukey’s multiple comparisons test to compare the TNF-a production between conditions at each
timepoint (o = 0.05).
4.2 Results and Discussion

When attempting to create a scratch wound on the epidermal surface it quickly became
apparent that the conventional technique of creating the scratch with a pipette tip would be
unsuccessful. Even when applying significant pressure, the pipette slid across the surface without
creating damage visible to either the naked eye or under the microscope. In hindsight, this scratch
resistance should have been predicted based on the histological, IHC, and TEER analyses which
demonstrated the epidermis had matured and stratified. The resistance of the epidermis to
scratching further supports the hypothesis that the epidermal layer has matured to a significant

degree. Eventually, tweezers with a sharp point were found to be suitable for creating a scratch in
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the epidermis. The sharp point was used to puncture the epidermis and then the epidermis was
gently pulled away from the puncture point, creating a circular epidermal wound approximately 1

mm in diameter (Fig. 4-2).

7.

P Aeruginosa Wounded Tissue-engineered skin

Figure 4-2:Infection of in vitro wound with P. aeruginosa

4.2.1 Reepithelialisation of the in Vitro Wound

Healing was compared between infected wounds, infected wounds treated with antibiotics
(ciprofloxacin), and uninfected control wounds. All wounds were gently washed once before
imaging to remove unattached keratinocytes or bacteria. After the injury there were no
keratinocytes on the wound surface in all conditions (Fig. 4-3). P. aeruginosa can be seen as small
black dots (Fig. 4-3, white arrows) on the infected and treated wounds following a 2-hour
incubation for bacteria attachment. The bacteria are highly motile in the infected condition
(antibiotic free media) and much less motile in the treated condition (DMEM + ciprofloxacin).
Significant reepithelialisation is seen on the bed of the control wound by 48 hours after injury,
none is seen on the infected wounds, and some reepithelialisation is seen on the treated wounds
but less than the control. No bacteria were observed in the control or treated wounds after 48 hours

and as expected, the infected wounds were overcome by bacteria at this timepoint. While some
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planktonic (individual) bacteria were present, the majority of the infected wound bed was covered
in numerous motile conglomerations approximately 10-20 um in diameter which could be seen
converging with and separating from each other over time. Presumably, these are the beginnings

of a biofilm, which consist of bacteria surrounded by a dense matrix of proteins, polysaccharides,

and lipids (Fig. 1-5).

Infected then Treated
(4 pg/ml ciprofloxacin)

Control Infected

2 hrs

48 hrs

Figure 4-3: Reepithelialisation and bacterial colonization on uninfected (control), infected, and
treated wounds in tissue-engineered skin. Scale bars: 50 um.

4.2.1 Pro-inflammatory Cytokine Production

The influence of the wound and subsequent infection on the keratinocytes and fibroblasts
in the tissue-engineered skin was investigated by quantifying their production of TNF-a, a pro-
inflammatory cytokine. Bacterial pathogens, ultraviolet radiation, and physical injuries have all
been shown to stimulate TNF-a release by human keratinocytes or fibroblasts [50], [52], [110]. A
baseline of low TNF-a expression on ALI day 4 and 14 was established (~30 pg/mL),
demonstrating that inflammatory pathways are not active during the maturation of the tissue-

engineered skin (Fig. 4-4 A). 24 hours after wounding, 1 or 2 of the 4 replicates for each condition

71



showed TNF-a production many times above the baseline while the other replicates continued to
produce baseline levels (Fig. 4-4 B). At this timepoint there were minimal, statistically
insignificant differences between the average TNF-a production in the control, infected, and
treated conditions; however, 48 hours after wounding, TNF-a production was significant higher in
the infected wounds (478 + 324.8 pg/mL) compared to both the control (26.1 £ 10.9 pg/mL, p =
0.033) and treated wounds (12.3 £ 6.3 pg/mL, p = 0.028). This trend confirms that bacteria persist
in the infected wound bed for 48 hours and that the ciprofloxacin treatment was successful at
treating the infection. The wide distribution of TNF-o production after 24 hours may have been
caused by variations in the physical wounding procedure between replicates. Modifying the
wounding procure to be more consistent is one of the next steps for improving this in vitro wound

model.
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Figure 4-4:Production of the pro-inflammatory cytokine TNF-a in tissue-engineered skin (A)
during maturation at the ALI and (B) after wounding and infection (*p<0.05).

After 4 days of culture, bacteria in the infected wounds had mostly concentrated into a
smaller region of the wound (<50% of the total area) and formed an opaque layer that was not

possible to image with a brightfield microscope at higher magnification (Fig. 4-5). Highly motile
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bacteria were observed on the borders of this dark region in the wound. Considering that this was
not removed by washing, and that much smaller (10 - 20 um) conglomerates of bacteria were

observed after 2 days, a biofilm has likely formed on the wound after 4 days of infection. Further

analysis would be required to confirm this hypothesis.

Day 0 Day 2

Figure 4-5: Progression of infection in an artificial wound. White arrows indicate bacteria. Scale
bars: 100 um.

4.3 Conclusion

This experiment demonstrated that the tissue-engineered skin developed in this work is
indeed capable of acting as an in vitro model of infected and non-infected wound healing.
Uninfected wounds showed significant reepithelialisation after 48 hours while infected wounds

were overcome by bacteria and potentially covered by a biofilm after 4 days of infection.

A more consistent method of creating the physical wound and a technique for evaluating
biofilm formation should be both be developed before the model is used further. While a wound
that penetrated only the epidermis was initially chosen due to simplicity, this was challenging to
implement on an epidermal layer strong enough to resist scratching. Using a biopsy punch to
remove a full-thickness segment of skin as demonstrated by Manuela et al. will be more

reproducible and also will provide a better representation of a chronic wound where the dermis is
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also damaged [49]. To more clearly show the development of biofilms on the in vitro wound,
regions of interest could be investigated with SEM, periodic acid—Schiff (PAS) staining, or
polymerase chain reaction (PCR). SEM images of a biofilm will clearly show individual bacteria
on the surface or protruding into a dense matrix [16], [25]. PAS staining detects the presence of
polysaccharides which are a major component of the biofilm matrix. Although more labour
intensive, PCR could also be used to detect the up-regulated expression of biofilm-associated

proteins [111].
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Chapter 5 - Conclusion and Future Work

The wound model presented in this work has many advantages over existing in vitro
models of chronic or infected wounds. Unlike many alternatives (Table 1-2) [50]-[52], this model
includes both human keratinocytes and dermal fibroblasts which have important roles in producing
ECM and reepithelialising the wound surface. The combination of keratinocytes and fibroblasts
with infection allows for the influence of bacteria on healing to be observed in a highly controllable
environment. DLP bioprinting also enables arrays of 15 constructs to be bioprinted simultaneously,

improving the feasibility of using this model for high throughput testing.

The in vitro wound model developed herein is capable of healing but admittedly requires
slight improvements before it can reliably mimic the chronic wound environment. At minimum,
this includes improving the method for creating the physical wound and developing a technique
for visualizing biofilm formation on the wound. A potential method of creating the physical wound
is to remove a full-thickness segment of tissue with a biopsy punch and fill the void with a
hydrogel. Keratinocytes would then reepithelialise over the surface of the hydrogel to close the
wound (Fig. 1-7). As discussed thoroughly in Chapter 1, immune cells such as neutrophils and
macrophages play a prominent role in the persistent inflammation seen in many chronic wounds.
Macrophages such as the THP-1 monocyte line could easily be added to the surface of the wound
bed with or without bacteria to investigate how their interactions influence reepithelialisation. This
situation could potentially imitate the persistent inflammation in chronic wounds and would be
very valuable for investigating therapies to propel the wound out of inflammatory phase.
Supernatant from the in vitro wound could be analysed with ELISA to quantify the presence of

cytokines, MMPs, and TIMPs in the wound. This would provide a picture of inflammatory state
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of the wound and balance between MMPs and TIMPs that could be monitored over time. If the
biopsy punch method is chosen to create the physical wound, immune cells could be encapsulated
in the hydrogel used to fill the gap in the tissue, which would be very similar to the in vivo situation
where immune cells enter the wound from the vasculature below. Such a model would be the most
sophisticated in vitro chronic wound model available and would be well-poised to improve the in
vitro testing of novel chronic wound therapies such as wound dressings, drugs, biosensors, or
growth factors. The adaptability of DLP bioprinting can also be leveraged in future work to study
the effects of different wound sizes and shapes. Chronic wounds have a diverse range of surface
areas, shapes, and depths [1], [112]. After designing the appropriate CAD models, tissue-
engineered skin wounds that capture these differences can be produced through DLP bioprinting

and used to study how the wound geometry influences healing and potential treatments.

More generally, this work is also a significant contribution to the field of skin tissue
engineering as it is the first demonstration and characterization of full-thickness skin formed with
a DLP bioprinting approach. The optimized DLP bioprinting parameters (Table 2-2), optimized
GelMA concentration based on the characterizations in Chapter 2, and the technique for
establishing and maturing the epidermal layer as explained in Chapter 3 can all be directly adopted
by other researchers in the future. These provide the building blocks for using DLP bioprinting to
incorporate relevant microscale features of skin such as vasculature, rete ridges, nerves, or hair
follicles into tissue-engineered models. This will allow future research to concentrate more on the
functional analysis of complex geometries and spend less time optimizing the bioprinting

approach.

The approach of DLP bioprinting GeIMA laden with fibroblasts could also be useful for

creating tissue-engineered models of other connective tissues that consist of a low number of

76



fibroblasts in a matrix of collagen fibers. The submucosa of the digestive tract, bone marrow, or
organ capsules all have such an organization and these tissues could be mimicked in vitro with a
very similar approach. This work demonstrated that an epithelial sheet could be formed on one
surface of the bioprinted constructs. By replacing the keratinocytes with a different cell type,
epithelial tissues such as the intestinal mucosa or pulmonary epithelium could be mimicked in
vitro. Furthermore, DLP bioprinting also opens up the possibilities of creating complex structures
with cavities or hollow vessels which allows this approach to also be extended to endothelial

tissues including blood vessels or lymphatics.
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