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ABSTRACT

DEVELOPMENT OF A MULTILAYERED SKIN MODEL USING 3D
PRINTING AND MICROFLUIDIC SYSTEMS

Can, Funda
Master of Science, Biotechnology
Supervisor : Prof. Dr. Aysen Tezcaner
Co-Supervisor: Dr. Menekse Ermis Sen

September 2021, 186 pages

This study aims to develop an in vitro tri-layered (epidermis, dermis, and
hypodermis) skin model by combining 3D printing and microfluidics approaches
for a high-throughput drug screening system for skin penetration tests and also
develop a bioink that can be printed at room temperature. Human keratinocytes
(KC) were seeded on 3D printed poly-lactide-caprolactone (PLC) scaffolds for
epidermis fabrication. For dermis, mesenchymal stem cells (ADSC): human dermal
fibroblasts (DF) (1:3); and for hypodermis, adipocytes predifferentiated from
ADSC: DF (3:1) were loaded to GelMA polymer solution solutions, 3D printed,
and UV crosslinked. Air-liquid interface (ALI) culturing was used for keratinocyte
stratification of the epidermis layer and characterized in vitro by E-cadherin cell
adhesion markers. The stemness of ADSCs was shown by CD105 positivity.
Cocultures were established and brought together in a microbioreactor for a
dynamic culture setup. Cell viability in dynamic culture was similar to static
culture results. The penetration assay using dexamethasone-fluorescein

isothiocyanate (Dex-FITC) was performed on a tri-layered, two-layered (dermis



and hypodermis), and also cell-free constructs on a skin-on-a-chip model. The
epidermis layer provided drug penetration delay in 3-layered chips. Dex was shown
to be taken up by cells within an hour and released for another hour. Results
indicated that our microbioreactor system can be used for an advanced drug

penetration assay.

In the second part of the thesis, a bioink composed of methacrylated hyaluronic
acid (HAMA), alginate, GeIMA and IrgaCure developed and successfully printed
without cooling. Prepolymer solution was ionically pre-crosslinked with calcium
chloride (CaCl2), printed, photocrosslinked, then post-crosslinked with CaCl2
solution. The final hydrogel was a tunable viscoelastic interpenetrating network
composed of CaCl2 crosslinked alginate and photocrosslinked HAMA-GelMA. All

cell types showed good viability in the bioprints..

Keywords: Skin, 3D Printing, In Vitro Skin Model, Microfluidics Device
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3 BOYUTLU YAZICI VE MiKROAKISKAN CiHAZ KULLANILARAK
COK KATLI DERiI MODELI GELISTIRILMESI

Can, Funda
Yiiksek Lisans, Biyoteknoloji
Tez Yoneticisi: Prof. Dr. Aysen Tezcaner
Ortak Tez Yoneticisi: Dr. Menekse Ermis Sen

Eyliil 2021, 186 sayfa

Bu calisma, cilt penetrasyon testleri igin yiiksek verimli bir ila¢ tarama sistemi igin,
3D baski ve mikroakigkan yaklagimlarini birlestirerek in vitro ii¢ katmanl
(epidermis, dermis ve hipodermis) bir cilt modeli gelistirmeyi ve ayni zamanda
baski yapilabilen bir biyomiirekkep gelistirmeyi ve ayrica oda sicaklifinda
basilabilen bir biyomiirekkep gelistirmeyi amaglamaktadir. Insan keratinositleri
(KC), epidermis iiretimi i¢in 3D baskil1 poli-laktid-kaprolakton (PLC) iskelelerine
ekildi. Dermis i¢in mezenkimal kok hiicreler (ADSC): insan dermal fibroblastlar
(DF) (1:3); ve hipodermis igin, 6nceden farklilagtirilmis adiposit ADSC: DF'den
(3:1) GelMA polimer ¢ozeltisine eklendi, 3D basildi ve UV c¢apraz baglandi.
Epidermis tabakasinin keratinosit tabakalasmasi i¢in hava-sivi arayiizii (ALI)
kiiltiiri kullanildi ve in vitro olarak E-cadherin hiicre yapisma belirtegleri ile
karakterize edildi. ADSC'lerin kok hiicreliligi, CD105 pozitifligi ile gosterilmistir.
Dinamik kiiltiir icin kokiiltiirler, mikrobiyoreaktérde ortaminda bir araya
getirilmistir. Dinamik kiiltiirdeki hiicre canliligi, statik kiiltiir sonuglarina benzer
oldugu gorilmiistir.  Deksametazon-floresan  izotiyosiyanat  (Dex-FITC)

kullanilarak penetrasyon c¢alismas1 {i¢ katmanli, iki katmanli (dermis ve

vii



hipodermis) ve ayrica hiicresiz ¢ip istii deri lizerinde gercgeklestirildi. Epidermis
tabakasi, 3 katmanl ¢iplerde ila¢ penetrasyonunun gecikmesini saglamistir. Dex'in
hiicreler tarafindan bir saat icinde alindig1 ve bir saat sonra da serbest birakildigi
gosterildi. Sonuglar, mikrobiyoreaktor sistemimizin gelismis bir ilag penetrasyon

testi i¢in kullanilabilecegini gosterdi.

Tezin ikinci bolimiinde, sogutmadan metakrilatlanmis hyaluronik asit (HAMA),
aljinat, GelMA, IrgaCure’den olusan bir biyomiirekkep gelistirilmis ve basariyla
basilmustir. Jel Onciisii ¢ozelti, basim 6ncesi kalsiyum kloriir (CaCly) ile iyonik
olarak capraz baglandi, yazdirildi, foto ¢apraz baglandi, ardindan CaCl; ¢ozeltisi ile
basim sonrasi ¢apraz baglandi. Nihai hidrojel, CaCl;, ¢apraz bagli aljinat ve foto
capraz bagli HAMA-GelMA'dan olusan ayarlanabilir bir viskoelastik i¢ ice gegen

agdir. Biyobasimlarda tiim hiicre tipleri iyi bir canlilik gdsterdi.

Anahtar Kelimeler: Deri, 3B Yazici, In Vitro Doku Modeli, Mikroakiskan Cihaz
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CHAPTER 1

INTRODUCTION

1.1 Functions of the Skin

Skin covers the entire body and is considered the largest organ in the human body.
The skin’s primary function is to act as a barrier to guard the human body and
underlying organs against environmental pathogenic microorganisms, mechanical
impacts, and ultraviolet (UV) lights. Skin limits the penetration of foreign
substances and prevents the loss of endogenous fluids. Skin plays a vital role in
maintaining homeostasis by regulating the blood flow, controlling the body
temperature, and synthesize metabolites such as vitamin D. Also, the skin contains
sensory receptors that provide the perception of pain, temperature, and light
(Humbert et al., 2017; Klenerman, 2015).

1.2 Human Skin Structure

It is composed of about 16 percent of body weight, covers 1.8 m? in the average
adult human. The thickness of the skin varies from 1.5 to above 4.0 mm in different
parts of the body. Skin is composed of multiple layers of tissues, and cells adhere
to the underneath structure by connective tissue. Sensory nerve fibers in deeper
layers of the skin ensure communication from and to the brain. Human skin
comprises mainly three distinct regions (Figure 1.1) from top to bottom, namely
epidermis, dermis, and hypodermis (Humbert et al., 2017; Klenerman, 2015).
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Figure 1.1. Schematic representation of the skin showing the three layers, the skin
appendages, and the cellular constituents (Pereira et al., 2013).

1.2.1 Epidermis

The epidermis is the outermost layer of the skin. It separates the external
environment from the inner body. It doesn’t contain any blood vessels within it.
The epidermis of the skin has five layers (Figure 1.2). These layers are stratum
basale, stratum spinosum, stratum granulosum, stratum lucidum, and stratum
corneum, from deep to superficial. Stratum lucidum is found only on thick skin,
which is on the soles of the feet and palms of the hand. The epidermis is made up
of stratified epithelium. Epidermis basal layer is a single layer of cells that undergo
cell division. Some of the cells retain within the basal layer. In contrast, others
migrate upward and replace the cells in the upper layers leading to distinct layering
in the appearance of the epidermis by altering the cellular content. Keratin
production begins in the stratum spinosum. A keratinocyte is a cell that produces

and stores the protein keratin. Keratin provides hardness and water-resistance to the



skin. Keratinocytes are the main component of the epidermis. Keratinocytes
constitute at least 80% of the cells of the epidermis. Keratin production continues
through stratum granulosum, where the cells die by loss of nuclei. The stratum
lucidum and stratum corneum are made up of keratinized dead cells that are
surrounded by lipids. The keratinocytes in the stratum corneum which are no
longer multiplying regularly slough away, replaced by cells from the deeper layers.
This migration process of the cells from the basal layer to the surface is called
keratinization. (Marieb & Hoehn, 2010)

The epidermis is a dynamic tissue, continually renewing layers, and raises
derivative structures such as nails, sweat glands, and pilosebaceous apparatuses.
Migration of a basal cell between stratum basale and stratum corneum takes at least
14 days, and the transit through stratum corneum to outermost epidermis needs
another 14 days (Burgdorf, 2004).

Three other cell types are dispersed among the epidermis. The first is called the
Merkel cell, which stimulates sensory nerves to perceive the feeling of touch. The
second is called a melanocyte. Melanocyte is the cell that provides melanin
pigment for the skin. Melanin protects the skin from UV radiation damage by
giving the skin its color. The third type of cell is called the Langerhans cell. These
cells are involved in a variety of T-cell immune responses. They constitute nearly
8% of the total epidermal cells (Kolarsick et al., 2011).
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Figure 1.2. Layers of the epidermis: stratum basale, stratum spinosum, stratum
granulosum, stratum lucidum, and stratum corneum (Marieb & Hoehn, 2010).

1.2.2 Dermis

The dermis comprises fibrous, filamentous, tight connective tissue, and the
thickness is 1-2 mm (Humbert et al., 2017). It contains sweat glands, hair follicles,
nerves, and an extensive blood and lymph vessels network. The dermis comprises
an interconnected mesh of two layers of elastin and collagenous fibers produced by
fibroblasts, the primary cell type of dermis. Other cell types of the dermis are
macrophages, white blood cells, and mast cells. The dermis provides skin its
pliability and elasticity. It has two layers, the thin superficial papillary layer and the
deeper reticular layer. These layers do not have distinct boundaries (Figure 1.3).
The upper layer of the dermis is tightly connected to the stratum basale of the

epidermis. The papillary layer is an areolar connective tissue composed of



intertangled mesh structures of collagen and elastin fibers and intense blood
vessels. The papillary layer contains pain receptors and touch receptors. It also has
characteristic ridge patterns that are genetically determined and unique for
everyone, which gives fingerprints identifying properties. Below the papillary
layer, the reticular layer constitutes about 80% of the dermis thickness. The
reticular layer is well vascularized. Collagen and elastin fibers provide elasticity
and tensile strength by extending into both layers of the dermis. The reticular layer
is also rich in nerves and sensory elements (J. Gordon Betts, Kelly A. Young,
James A. Wise, Eddie Johnson, Brandon Poe, Dean H. Kruse, Oksana Korol, Jody
E. Johnson, Mark Womble, 2013; Klenerman, 2015; Marieb & Hoehn, 2010)
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Eccrine sweat gland
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Figure 1.3. Schematic representation of the epidermis, dermis and hypodermis
(Vitorino et al., 2015)



1.2.3 Hypodermis

The hypodermis is the deepest layer of the skin, and the thickness is 0.1 cm to
several centimeters. It connects the skin to the underlying fibrous tissue of the rest
of the body. It is also made up of the abundant supply of blood vessels, areolar
connective tissue; therefore, it is hard to distinguish the borders of dermis and
hypodermis. The hypodermis consists of fat-storing cells called adipocytes, which
serve as an energy reserve, insulate the body temperature, and mechanical

protection for the underlying structure (Somuncu et al., 2018) .

1.3 Tissue Engineering of Skin

Tissue engineering is an interdisciplinary field of engineering and life sciences to
manufacture the biological tissue equivalents to restore, maintain, or improve tissue
function (Langer & Vacanti, 1993). Human skin constitutes more than one-tenth of
the body. Thus, infection, physical damages such as burns carry immense
significance for this large organ (Somuncu et al., 2018). Skin replacement has been
a long-awaited objective for modern medicine. Fresh skin allografts date back to
1871 as a clinical method of performing wound coverage (Reverdin & IVY, 1968).
For over 30 years, a significant number of attempts have been made to produce a
skin substitute that mimics the full function of the human skin by engaging in
advanced tissue engineering. There are numerous skin damage types, including
thermal trauma, acute and chronic wounds, or surgical operations. The earliest
excision of the burned skin followed by immediate grafting has been reported since
the 1970s (Janzekovi¢, 1970; Quinby et al., 1981). The conservative approach to
treat first and second- degree wounds was daily washing of the wound, followed by
the application of topical antimicrobial. After third-degree burns, wounds were
grafted with less widely expanded autografts without cadaver skin. According to

Herndon et al., early excision and applying skin graft on patients who have lost the



body skin surface area between 50-98% significantly decreased the mortality

compared to the conservative approach (Herndon et al., 1989).

Since the 1980s, an immense amount of work has been done to create a human skin
substitute. These skin substitutes have been used as disease modelling test systems
or for promoting wound healing. In addition, tissue-engineered skin models are
demanded as non-animal test platforms for cosmetic and pharmaceutical, and
disease biology research purposes (Abaci et al., 2017; Groeber et al., 2011;
MacNeil, 2007; OECD, 2013).

These substitutes have been used for clinical applications and promoting a human-
based system for pharmaceutical, and cosmetic research, and toxicology testing of
their chemical ingredients. Routine toxicology analyses are conducted to ensure the
safety of chemical compounds used in various industries. An ideal evaluation assay
to determine the toxicity of the chemical substances on humans would require
many human subjects of different sex and races, which is impracticable and
immoral (Ng & Yeong, 2019). To date, considerable effort has been made to
identify the potentially toxic or skin sensitizing chemicals on animal tests
(Ramadan et al., 2016). Animal skins have severe limitations for research purposes
such as up to 200 fold higher permeability compared to human skin (Schmook et
al., 2001).

Ethical concerns increase for using of animals for pharmaceutical, cosmetic and
chemical compounds. Number of animals sacrificed every year has gone up with
the progression in medical biotechnology (Doke & Dhawale, 2015). According to
the Royal Society for the Prevention of Cruelty to Animals (RSPCA), above 100
million animals are being used each year for research and testing purposes which
can cause severe distress and pain to animals (Rossi, 2016). Animal model usage is
limited due to ethical doubts. Low similarity of animal skin to the native human
skin causes severe alterations between human and animal metabolism. Other
differences could be listed as distinct absorption properties and pathways of

metabolized chemicals and substances between species. Also, short lifespan of



animals restrains accurate monitoring of disease development. Thus, the outcomes
of animal experiments are mostly restricted and debatable (Ng & Yeong, 2019;
Sarkiri et al., 2019; Somuncu et al., 2018). Arising regulatory requirements and the
ban on animal experiments imply the need for new high throughput test systems of
substances (Bernauer et al., 2018; Schmidt et al., 2020). Significant amount of
tissue-engineered skin models were developed as an alternative to animal testing.
Nevertheless, there is no engineered skin prototype that entirely mimics the skin’s

structure, composition, and visual appearance (Somuncu et al., 2018).

1.4  Technologies Used in Skin Tissue Engineering

Tissue engineering is essentially fabricating a new functional living tissue using
living cells associated with a matrix or scaffold to guide tissue development. Cells
must establish functional structures using pre-programmed signaling and
information to fabricate a new tissue substitute. Scaffolds can be made of synthetic
materials, natural materials, or a combination of both. According to the tissue
engineering approach, materials can serve as templates for host cells, and tissue
ingrowth or implanted cells can be part of an engineered structure. Progress in the
field was accelerated by the discovery of induced pluripotent stem cells (iPSCs).
iPSCs can be derived from various somatic stem cell types. Stromal cells have been
reprogrammed into a state which can be prodded into becoming many type of
human cells and they are called iPCSs. They continue to proliferation in vitro and
maintain potential to differentiate into many cell types. In addition, human iPSCs
eliminate ethical issues, easily accessible, and can be handily produced specifically
for patients (Langer & Vacanti, 1993).

141 Skin Models for Therapeutic Applications

The human skin consist unique features compared to other mammalian

counterparts. Differences include presence of adipose tissue, pigmentation and skin



appendages (Suhail et al., 2019). The skin was the first tissue-engineered organ to
pass preclinical research and used in clinical applications. The first bioengineered
skin models were skin substitutes and emerged as an alternative to skin
transplantation-associated problems. These substitutes were developed in vitro to
mimic human skin. In vitro skin models also serve as functional models that allow
more profound insight into cellular interactions (Oualla-bachiri et al., 2020). Skin
regeneration research introduces a more permanent alternative to continuous graft
replacement and care. Also, they were used for other applications such as in vitro
human skin models for studying mechanisms underlyings or for pharmaceutical
testing (Sarkiri et al., 2019).

In a study, cell-cell and cell-matrix interactions in regulating skin pigmentation
were investigated with an in vitro skin model (Duval et al., 2012). Not only the
presence of melanocytes but also their function was checked with this study.
Collagen type | and fibroblasts were mixed for preparing the dermal component.
Isolated human keratinocytes and melanocytes (1:1) were co-cultured for a week to
form a monolayer culture, raised to the air-liquid interface (ALI), and kept for a
week to allow keratinocyte stratification. Various growth factors were used in skin
growth medium to stimulate melanocyte differentiation and melanin synthesis.
Keratinocytes are known to promote melanocyte stimulation, therefore epidermal
growth factor-based keratinocyte growth media were supplied and tested. Number
of melanocytes increased but expected melanocyte differentation didn’t occur and
no melanin was synthesized by the melanocytes. Then, keratinocyte growth factor
was added in place of the epidermal growth factor and experiment was repeated.
Melanin pigment was seen on day 7, resembling as in the skin structure.
Keratinocyte growth factor has been show to upregulate melanin synthesis. This

skin model was an example for elucudating the role of melanocyte homeostasis.

Regulatory authorities, customers of the cosmetics industry, and the incompatibility
of animal models have supported the establishment of human skin models to serve
as predictive tools for toxicology and safety assessment studies. Percutaneous

absorption testing is necessary for developing pharmaceutical products for



transdermal applications. The results of toxicological assessments performed with
in vitro skin models were correlated with in vivo data to enable a reliable predictive
model (Ruffner et al., 2016). Skin models provide great understanding of
epidermal differentiation, cell proliferation and basement membrane organization
(Suhail et al., 2019). Disease models of the skin provide insight into disease
mechanisms. In a study, the psoriasis model was developed which exhibited the
characteristics of the disease and thus showed the potential of the skin model for
developing accurate treatments. Psoriasis, an autoimmune disease associated with
hyperproliferation of epidermal keratinocytes, change in epidermal differentiation,
and leukocyte infiltration causing the secretion of inflammatory mediators, was
recently modeled in vitro (Lorthois et al., 2019). In this study, biopsies were taken
from psoriatic and non- psoriatic patients. T-cells were isolated from peripheral
blood. T cells were then activated using a T cell activation/expansion kit to mimic
antigen-presenting cells. Keratinocytes and fibroblasts were also taken from the
same donor. The psoriatic skin model was reconstructed as follows. Fibroblasts
were seeded on a 12-well plate and cultured for 3 weeks with ascorbic acid to
produce their extracellular matrix. After this culturing period, activated T cells
were seeded on fibroblast sheets and cultured for another week in the presence of
recombinant human interleukin-2 (IL-2). Then, keratinocytes were seeded on top of
the sheets and cultured for a week in ascorbic acid and IL-2 containing medium,

allowing keratinocytes to proliferate.

Next, sheets were raised, and ALI started for KC differentiation for 21 days. As a
control, a non-psoriatic model was built with healthy T cells without activating T-
cells. Reconstructed disease model demonstrated different degree of differentiation
of KCs, hyperproliferation of basal KCs, and increased secretion of pro-
inflammatory factors. Moreover, the disease model responded to a widely used
immunosuppressive treatment. This model reflected major pathological features
associated with psoriasis and may be helpful for testing new potential
immunosuppressive drugs. Although infiltration of T cells into deeper layers was

mimicked, the increase of vascular density and angiogenesis during chronic
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psoriasis inflammation were neglected in this study. A more realistic model should

include vascularization for better disease recapitulation.

Pharmacokinetic studies are necessary to estimate retained drugs in skin layers.
The rate and extent of drug permeation after topical application needs to be clear
for clinical efficacy studies. Separating the skin layers is crucial for defining rate-
limiting factors (Thotakura et al., 2017). Limiting factors for permeation