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ABSTRACT
Suvi Huhtanen: 3D Bioprinting of Human Cornea Mimicking Structures with Stroma and Epi-

thelium
Master’s Thesis
Tampere University
Master's Programme in Biotechnology and Biomedical Engineering
December 2023

There is an immense need for corneal transplants to restore vision after injury or disease. Due
to the shortage of donor corneas, three dimensional (3D) bioprinting has emerged as a possible
solution to create cornea mimicking structures. The cornea consists of five layers, with the stroma
and epithelium forming the two outermost cellular layers. To be able to 3D bioprint these layers,
bioinks, and appropriate cell types are needed. For the epithelial layer, human pluripotent stem
cell -derived corneal limbal epithelial stem cells (hPSC-LSCs) have great potential. For the stro-
mal layer, human adipose stem cells -derived corneal stromal keratocytes (hASC-CSKs) have
been explored together with a hyaluronic acid -based dopamine-containing (HA-DA) stromal bio-
ink. To be able to create cornea mimicking structures with stroma and epithelium, the structures
must be co-cultured after 3D bioprinting. However, the HA-DA stromal bioink is not stable in limbal
epithelial stem cell (LSC) medium required by the hPSC-LSCs. To address this issue, this thesis
aimed to enhance the stiffness and stability of the HA-DA stromal bioink in the LSC medium co-
culture condition to enable the co-culture of 3D bioprinted cornea mimicking structures with
stroma and epithelium.

To enhance the stiffness and stability of the HA-DA stromal bioink, the bioink composition was
modified by incorporating a methacrylated hyaluronic acid (HAMA) component into the bioink to
create a photocrosslinkable HA-DA HAMA stromal bioink. First, the composition of this HA-DA
HAMA stromal bioink was optimized by evaluating the printability and shape fidelity of the bioink
as well as handling of bioprinted structures after incubation in LSC medium. Then, the optimized
HA-DA HAMA stromal bioink was compared to the original HA-DA stromal bioink by analyzing
printability, shape fidelity, viscosity, swelling behavior, handling, mechanical properties, and trans-
parency of the bioinks. After this, the cytocompatibility of the bioinks with hASC-CSKs was as-
sessed. In the final part of this thesis, human cornea mimicking structures with stroma and epi-
thelium were bioprinted, and two different co-culture conditions were tested.

HA-DA HAMA stromal bioink with good printability and shape fidelity was developed, and bi-
oprinted stromal structures demonstrated good stability after incubation in LSC medium. Based
on the comparison of the HA-DA and HA-DA HAMA stromal bioinks, the bioinks had similar print-
ability, shear-thinning behavior, and transparency. Moreover, after incubation in LSC medium, the
HA-DA HAMA stromal bioink had improved characteristics regarding handling, swelling, and
shape fidelity. However, the HA-DA HAMA stromal bioink lacked the necessary cytocompatibility
required for bioinks and demonstrated inferior cytocompatibility compared to the HA-DA stromal
bioink. This underlined the importance of conducting cytocompatibility tests as part of bioink char-
acterization. Furthermore, it was confirmed that the LSC medium co-culture condition significantly
influenced the properties of the HA-DA stromal bioink. Therefore, bioink characterization should
always consider the final application of the 3D bioprinted construct. Finally, cornea mimicking
structures with stroma and epithelium were successfully bioprinted for the first time using extru-
sion-based bioprinting. A suitable co-culture condition was also found which combined the cell
culture medium of both cell types used in the structure. This fulfilled better the needs of both cell
types and prolonged the stability of the HA-DA stromal bioink during cell culture. In the future,
further research is required to optimize cell density in the epithelial layer and analyze the effect
of the co-culture medium on both cell types. Based on these findings, cornea mimicking structures
with improved stability and cellular functionality can be 3D bioprinted in the future.

Keywords: 3D bioprinting, cornea, stroma, epithelium, HAMA
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TIIVISTELMÄ
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Joulukuu 2023

Tarve sarveiskalvosiirteille näön palauttamiseksi vamman tai sairauden jälkeen on valtava.
Luovutettujen sarveiskalvosiirteiden pulan vuoksi kolmiulotteinen (3D) -biotulostus on noussut
esiin lupaavana ratkaisuna keinotekoisten sarveiskalvorakenteiden luomiseen. Sarveiskalvossa
on viisi kerrosta, joista strooma ja epiteeli muodostavat kaksi ulointa solukerrosta. Näiden kerros-
ten 3D-biotulostaminen edellyttää sopivia biomusteita ja solutyyppejä. Epiteelikerrosta varten ih-
misen pluripotenteista kantasoluista erilaistetut limbaaliset kantasolut ovat lupaava vaihtoehto.
Puolestaan stroomakerroksen osalta lupaavia ovat ihmisen rasvakudoksen kantasoluista erilais-
tetut sarveiskalvon strooman keratosyytit yhdessä hyaluronihappopohjaisen dopamiinia sisältä-
vän (HA-DA) biomusteen kanssa. Strooma- ja epiteelikerroksen sisältävän sarveiskalvorakenteen
valmistamiseksi 3D-biotulostettua rakennetta täytyy voida viljellä biotulostuksen jälkeen. HA-DA
-biomuste ei kuitenkaan ole stabiili limbaalisten kantasolujen vaatimassa limbaalisten kantosolu-
jen (eng. limbal epithelial stem cell, LSC) -mediumissa. Ongelman ratkaisemiseksi tämän opin-
näytetyön tavoitteena oli parantaa HA-DA biomusteen jäykkyyttä ja stabiilisuutta LSC-me-
diumissa, jotta 3D-biotulostettujen sarveiskalvorakenteiden viljely olisi mahdollista.

HA-DA -biomusteen jäykkyyden ja stabiilisuuden parantamiseksi biomusteen koostumusta
muokattiin sisällyttämällä biomusteeseen metakryloitua hyaluronihappoa (HAMA) valoristisilloit-
tuvan HA-DA HAMA -biomusteen kehittämiseksi. Ensimmäiseksi tämän HA-DA HAMA -biomus-
teen koostumus optimoitiin arvioimalla biomusteen tulostettavuutta ja filamenttien muodon pysy-
vyyttä sekä 3D-biotulostettujen rakenteiden käsiteltävyyttä LSC-mediumissa inkuboinnin jälkeen.
Tämän jälkeen HA-DA HAMA -biomustetta verrattiin alkuperäiseen HA-DA -biomusteeseen ana-
lysoimalla biomusteiden tulostettavuutta, filamenttien muodon pysyvyyttä, viskositeettia, turpoa-
mista, käsiteltävyyttä, mekaanisia ominaisuuksia sekä läpinäkyvyyttä. Seuraavaksi biomusteiden
soluyhteensopivuutta arvioitiin ihmisen rasvakudoksen kantasoluista erilaistettujen sarveiskalvon
strooman keratosyyttien kanssa. Lopuksi 3D-biotulostettiin sarveiskalvorakenteita, jotka sisälsivät
strooma- ja epiteelikerroksen, sekä tutkittiin kahta erilaista viljelyolosuhdetta.

Kehitetyllä HA-DA HAMA -biomusteella oli hyvä tulostettavuus sekä filamenttien muodon py-
syvyys tulostamisen jälkeen, ja 3D-biotulostetuilla rakenteilla oli hyvä stabiilisuus LSC-me-
diumissa inkuboinnin jälkeen. HA-DA ja HA-DA HAMA -biomusteen vertailun perusteella biomus-
teilla oli samanlainen tulostettavuus, leikkausohenevuus sekä läpinäkyvyys. Lisäksi LSC-me-
diumissa inkuboinnin jälkeen HA-DA HAMA -biomusteella oli hieman parantuneet ominaisuudet
käsiteltävyyden, turpoamisen ja filamenttien muodon pysyvyyden suhteen. Kuitenkin HA-DA
HAMA -biomusteelta puuttui biomusteilta vaadittava soluyhteensopivuus, ja sen soluyhteensopi-
vuus oli huomattavasti heikompi kuin HA-DA -biomusteen soluyhteensopivuus. Tämä korosti so-
luyhteensopivuustestien tärkeyttä osana biomusteen karakterisointia. Lisäksi vahvistettiin, että
LSC-medium vaikuttaa merkittävästi HA-DA -biomusteen ominaisuuksiin. Tämän takia biomus-
teen karakterisoinnissa tulisi aina ottaa huomioon 3D-biotulostetunrakenteen lopullinen käyttö-
olosuhde. Lopuksi sarveiskalvorakenteita, jotka sisälsivät strooma- ja epiteelikerroksen, 3D-biotu-
lostettiin onnistuneesti ensimmäistä kertaa käyttäen ekstruusiopohjaista biotulostusta. Rakenteita
varten löydettiin sopiva viljelyolosuhde, joka yhdisti molempien käytettyjen solutyyppien viljelyme-
diumit täyttäen paremmin molempien solutyyppien tarpeet ja pidentäen HA-DA biomusteen sta-
biilisuutta viljelyn aikana. Tulevaisuudessa epiteelikerroksen solutiheys tulisi optimoida ja viljely-
olosuhteen vaikutusta molempiin solutyyppeihin tulisi analysoida. Näiden löydösten perusteella
tulevaisuudessa voidaan 3D-biotulostaa sarveiskalvorakenteita, joilla on parempi stabiilius sekä
solutoiminnallisuus.

Avainsanat: 3D-biotulostus, sarveiskalvo, strooma, epiteeli, HAMA

Tämän julkaisun alkuperäisyys on tarkastettu Turnitin OriginalityCheck –ohjelmalla.
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1. INTRODUCTION

The cornea is the transparent outer part of the eye and is composed of five layers of

which the two outermost cellular layers are the stroma and epithelium. Together the five

layers function to ensure eyesight. (Jia et al., 2023; Sridhar, 2018) However, if these

layers are damaged severely, corneal transplantation may be needed (Barrientez et al.,

2019). At the moment, corneal transplantation is the primary method for restoring vision

but there is a significant shortage of available donor corneas (Gain et al., 2016; Tan et

al., 2012). There is an estimated 12.7 million people in line for corneal transplantation

while there is only one cornea available for every 70 needed (Gain et al., 2016). Three

dimensional (3D) bioprinting is an additive manufacturing technique where tissue-like

structures are printed layer-by-layer, and it has been proposed as a promising solution

for creating cornea mimicking structures (Balters and Reichl, 2023). In corneal 3D bi-

oprinting, the ultimate goal would be to bioprint the necessary layers needed for trans-

plantation.

3D bioprinting requires cells to create the tissue-like structures but it is not appealing to

derive corneal cells from their native origin since the availability of donor corneal tissue

is limited (Balters and Reichl, 2023; Gain et al., 2016). Also, primary cell types can be

difficult to isolate and culture in vitro (Jia et al., 2023). Therefore, stem cells with the

potential to become almost any cell type have been explored as a potential cell source

for corneal cells (Chakrabarty et al., 2018; Jia et al., 2023; Wang et al., 2023). For the

outermost layer of the cornea, the epithelium, human pluripotent stem cell -derived cor-

neal limbal epithelial stem cells (hPSC-LSCs) have been explored as a possible cell

source (Hongisto et al., 2017; Mikhailova et al., 2014).

In 3D bioprinting, the tissue-like structure is created using a cell-containing formulation

called bioink (Groll et al., 2018). For the thickest layer of the cornea below the epithelium,

the stroma (Sridhar, 2018), a suitable hyaluronic acid -based dopamine-containing (HA-

DA) stromal bioink has been developed (Mörö et al., 2022). Importantly, for 3D bioprinted

structures to become tissue-like, the bioprinted structures are cultured after bioprinting

to enable cell growth and maturation (Saini et al., 2021). Moreover, when corneal struc-

tures with multiple layers of the cornea are bioprinted, different cell types must be co-

cultured after bioprinting. However, the developed HA-DA stromal bioink is not stable in

the limbal epithelial stem cell (LSC) medium required to culture hPSC-LSCs and needed
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in co-culture after bioprinting, thus restricting the 3D bioprinting of cornea mimicking

structures with stroma and epithelium.

To solve this problem, this thesis aimed to enhance the stiffness and stability of the HA-

DA stromal bioink in the LSC medium co-culture condition to enable the co-culture of 3D

bioprinted cornea mimicking structures with stroma and epithelium. This was explored

by modifying the composition of the HA-DA stromal bioink by introducing a methacrylated

hyaluronic acid (HAMA) component into the bioink to create a photocrosslinkable HA-

DA HAMA stromal bioink. After optimization of the HA-DA HAMA stromal bioink, this

bioink was compared to the original HA-DA stromal bioink by characterizing the printa-

bility, shape fidelity, viscosity, mechanical properties, transparency, and cytocompatibil-

ity of the two bioinks. Based on this comparison, cornea mimicking structures with stroma

and epithelium were bioprinted using a different HA-DA stromal bioink for the stroma and

a HA-DA bioink specific for the epithelium.

This thesis is composed of a literature review and an experimental part. The literature

review starts with introducing the structure and cell types of the human cornea after

which corneal diseases, injury, and current treatments are discussed. Then, corneal tis-

sue engineering (TE) approaches along with stem cells are introduced as potential alter-

natives for current treatments. Subsequently, 3D bioprinting and its multiple approaches

are discussed before introducing bioinks used in 3D bioprinting, their crosslinking, and

characterization. The literature review is concluded with a review of previous studies

conducted in corneal 3D bioprinting. The experimental part of this thesis starts by spec-

ifying the aims of this thesis and is followed by a description of the materials and methods

used. Finally, the obtained results are presented and discussed, and the main findings

of this thesis are concluded.
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2. HUMAN CORNEA

The cornea is the transparent outer part of the eye. Together with the sclera, the cornea

forms the exterior coat of the eyeball. (Sridhar, 2018) The cornea has three major func-

tions. Firstly, the cornea functions as a structural barrier by protecting the inner structures

of the eye (Jia et al., 2023; Sridhar, 2018). Secondly, the cornea functions as a “window”

by transmitting light into the eye (Jia et al., 2023). Lastly, the cornea functions as a “fo-

cusing lens” by focusing light rays with minimum scatter and optical degradation to the

retina and by contributing to two-thirds of the refractive power of the eye (Jia et al., 2023;

Sridhar, 2018).

The cornea is an avascular (Sridhar, 2018) and immune-privileged (Taylor, 2009) tissue

with a curved shape (Sridhar, 2018). The thickness of normal cornea ranges between

551 – 565 µm in the central cornea and increases towards the periphery being 612 – 640

µm in the peripheral cornea (Feizi et al., 2014; Sridhar, 2018). The diameter of a normal

adult cornea is between 11.04 – 12.50 mm for males and 10.70 – 12.58 mm for females

(Rüfer et al., 2005). Furthermore, the cornea has high transparency with light transmit-

tance values varying between 80 – 94% at wavelengths 450 – 600 nm and between 95

– 98% at wavelengths 600 – 1000 nm (Beems and Van Best, 1990).

Next, the structure of the corneal tissue is introduced following which corneal cell types

are discussed, focusing on the cell types used in this thesis. Finally, corneal defects and

current treatments are briefly considered.

2.1 Structure of the cornea

The corneal tissue contains five layers: epithelium, Bowmans’s layer, stroma,

Descemet’s membrane and endothelium (Sridhar, 2018) (Figure 1). The epithelium,

stroma and endothelium are cellular layers whereas the Bowmans’s layer and

Descemet’s membrane are acellular interfaces (Jia et al., 2023).
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Illustration of the human eye and a cross-section of the cornea depicting its
five layers and different cell types. Modified from Osei-Bempong et al. (2013) and Sridhar
(2018). Created with BioRender.com.

The epithelium is the anterior layer of the cornea and is covered with a tear film (Del-

Monte and Kim, 2011). The epithelium transports nutrients and oxygen from the corneal

surface, helps to maintain a smooth optical surface required for optimal vision, and func-

tions as a barrier to protect the stroma from physical, chemical, and biological agents

(Jia et al., 2023). The epithelium is approximately 50 µm thick and composed of 5 – 7

layers of nonkeratinized stratified squamous epithelial cells (Sridhar, 2018). Epithelial

cells have a lifespan of 7 – 10 days which results in the complete turnover of the epithe-

lium each week (DelMonte and Kim, 2011). The transparency of the epithelium is due to

the epithelial cells containing cytoplasmic crystallin proteins, crystallins (Jester, 2008;

Sridhar, 2018), and due to having similar refractive indexes between epithelial cell types

(Meek and Knupp, 2015, p. 2).

The epithelium is composed of superficial cells, wing cells, and basal cells which are

attached to each other through desmosomes (Sridhar, 2018). Superficial cells form 2 –

3 layers of flat polygonal cells and have tight junctions to prevent tears, toxins and mi-

crobes from entering the eye (DelMonte and Kim, 2011; Sridhar, 2018). Superficial cells

also have apical microvilli to increase surface area and therefore adhesion to the tear

film (DelMonte and Kim, 2011).  Under the superficial cells, less flat wing-shaped wing

cells create 2 – 3 layers of epithelium (DelMonte and Kim, 2011; Sridhar, 2018). Beneath

the wing cells, basal cells form a single cell layer which is columnar in the central and

cuboidal in the peripheral cornea (Sridhar, 2018). The basal cells are attached to an



5

underlying basement membrane by hemidesmosomes (DelMonte and Kim, 2011; Sri-

dhar, 2018). This 40 – 60 nm thick basement membrane is composed of type IV collagen

(Col IV) and laminin secreted by the basal cells and attaches the epithelium to the un-

derlying layers of the cornea (Sridhar, 2018).

Bowmans’s layer is below the epithelium, anterior to the stroma, and assists in maintain-

ing the shape of the cornea. It is 12 µm thick and composed of type I and V collagen (Col

I and Col V) and proteoglycans. (Sridhar, 2018) Since the Bowmann’s layer is thin, light

scattering is minimal and the layer is transparent (Meek and Knupp, 2015). However, the

Bowmans’s layer does not regenerate and therefore when injured may result in a scar

(Sridhar, 2018). Yet, the absence of the Bowmans´s layer does not appear to have an

impact on corneal function (Espana and Birk, 2020, p. 2).

The stroma provides mechanical strength, refractive power, and transparency to the cor-

nea. The stroma is the thickest layer of the cornea accounting for 80 – 85 % of its thick-

ness. Increased thickness in the periphery of the cornea is due to increased amounts of

collagen in the peripheral stroma whereas rigidity of the anterior stroma is important in

the maintenance of the corneal curvature. The transparency of the stroma is due to a

precise organization of collagen fibers and extracellular matrix (ECM). (Sridhar, 2018)

The collagen fibers are assembled from parallel bundles of collagen fibrils which form

lamellae (DelMonte and Kim, 2011; Espana and Birk, 2020). The lamellae form an or-

thogonal arrangement where adjacent lamellae are oriented at approximately 90° from

each other (Espana and Birk, 2020). The stroma of the human eye contains 200 – 250

of these orthogonal lamellae (Sridhar, 2018). The fibrils are mainly formed from Col I,

but the regulatory fibril-forming collagens Col V and type XI collagen (Col XI) are also

present (Espana and Birk, 2020, p. 5).

The major cell type of the human stroma is human corneal stromal keratocytes (hCSKs)

(Sridhar, 2018; Yam et al., 2020). The hCSKs are mainly located between the collagen

lamellae keeping the lamellae in place (Downie et al., 2021). The hCSKs maintain the

stroma ECM and synthesize collagen molecules as well as glycosaminoglycans (GAGs).

The stroma ECM is composed of these collagens including Col I, type III collagen (Col

III), Col V, type VI collagen (Col VI) and type XII collagen (Col XII) as well as GAGs

including mainly keratan sulfate, but also chondroitin sulfate, and dermatan sulfate. (Sri-

dhar, 2018) When attached to a core protein, these GAGs form small leucine-rich prote-

oglycans (SLRPs). SLRPs expressed in the corneal stroma are decorin, biglycan, lumi-

can, keratocan, fibromodulin, and osteoglycin. These SLRPs regulate the assembly of

collagen fibrils, maintain stromal hydration by binding water to the attached GAGs, as
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well as modulate and tether growth factors. (Espana and Birk, 2020). SLRPs are also

important for the transparency and integrity of the cornea (Yam et al., 2020, p. 3).

The Descemet’s membrane is located between the stroma and endothelium. It is 7 µm

thick and composed of Col IV and laminin. (Sridhar, 2018) The Descemet’s membrane

is transparent due to its thinness causing minimal light scattering (Meek and Knupp,

2015). Endothelial cells constantly secrete the Descemet’s membrane and adhere to it

(Sridhar, 2018).

The innermost layer of the cornea is the endothelium. It removes water from the stroma

to maintain corneal clarity. Endothelial cells arrange in a 5 µm thick honeycomb-like mo-

saic monolayer, do not regenerate in adults and cell density decreases during adult life.

(Sridhar, 2018)

In the periphery of the cornea, the cornea turns into the sclera via a transitional zone

known as the limbus. The limbus is 1.5 – 2.0 mm wide and anatomically complex.

(Downie et al., 2021) The limbus contains limbal epithelial stem cells (LSCs) which are

responsible for corneal epithelial regeneration since the constant renewal of the epithe-

lium requires a peripheral influx of cells from the limbus (Downie et al., 2021, p. 134;

Gonzalez et al., 2018; Saghizadeh et al., 2017). The corneal epithelium is continuous

with limbal epithelium which is subsequently continuous to the conjunctival epithelium

covering the sclera. Therefore, the limbus also acts as a physical barrier ensuring that

the conjunctival cells do not proliferate into the corneal epithelium. (Downie et al., 2021)

2.2 Corneal cell types

As discussed, each cellular layer of the human cornea contains characteristic cells: epi-

thelial cells reside in the epithelium, the stroma contains hCSKs and the endothelium is

composed of endothelial cells (Sridhar, 2018). In addition, the cornea contains stem cells

of which LSCs reside in the limbus (Dziasko and Daniels, 2016) and corneal stromal

stem cells (CSSCs) in the anterior peripheral stroma near the LSCs (Pinnamaneni and

Funderburgh, 2012; Yam et al., 2020). Next, hCSKs and LSCs are discussed in more

detail since they are the cell types relevant for the experimental part of this thesis.

2.2.1 Human corneal stromal keratocytes
As the major cell type of the stroma, the human cornea has approximately 2.4 million

non-uniformly distributed hCSKs with a higher density of hCSKs at the anterior of the

stroma (Downie et al., 2021; Møller-Pedersen et al., 1994). Besides synthesizing colla-

gens and GAGs, hCSKs mediate intra-corneal communications, act as an energy source
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by storing glycogen, have phagocytic functions and contribute to wound healing (Downie

et al., 2021, p. 135; Sridhar, 2018; Yam et al., 2020, p. 1,3).

The hCSKs are anchored between the collagen lamellae of the stroma and are mitotically

quiescent (Espana and Birk, 2020; Yam et al., 2020). hCSKs are thin and dendritic, hav-

ing long and branching cellular processes (Yam et al., 2020). These processes are con-

nected to cell bodies or cytoplasmic extensions of other hCSKs via gap junctions to en-

able cell-to-cell communication (Downie et al., 2021, p. 135; Yam et al., 2020). hCSKs

have distinct nuclei and most of the cell volume is occupied by the cytoplasm (Yam et

al., 2020). hCSKs appear transparent due to crystallins in the cytoplasm which limit light

scattering and allow the hCSKs to match the refractive index of the surrounding stroma

(Jester, 2008; Yam et al., 2020).

Distinctive molecular markers expressed by hCSKs include proteoglycans keratocan and

lumican as well as crystallins such as aldehyde dehydrogenases 1A1 and 3A1 (ALDH

1A1, 3A1) (Espana and Birk, 2020, p. 4; Yam et al., 2020, p. 4). Furthermore, hCSKs

express collagen-binding integrins α2β1, α3β1, α5β1, and α6β1 which contribute to stro-

mal integrity by interacting with the ECM. However, hCSKs are negative for α-smooth

muscle actin (αSMA) and fibroblast genes such as fibronectin, tenascin and CD90. (Yam

et al., 2020, pp. 3–4)

2.2.2 Limbal epithelial stem cells
LSCs are a quiescent cell population with high proliferative capacity, and therefore are

responsible for the continuous regeneration and repair of the corneal epithelium (Dziasko

and Daniels, 2016; Gonzalez et al., 2018). Within the limbus, LSCs reside in a unique

microenvironment called the limbal niche (Dziasko and Daniels, 2016).  The limbal niche

contains ridges called Palisades of Voght which extend into limbal epithelial crypts where

the LSCs reside in the basal epithelial layer (Dua et al., 2005; Dziasko and Daniels, 2016;

Gonzalez et al., 2018). The proliferation and differentiation potential of LSCs is regulated

by the distinct anatomical features, biomechanical properties, specific composition of the

ECM, secreted soluble factors, and other cell types residing in the limbal niche (Dziasko

and Daniels, 2016).

To regenerate the corneal epithelium, LSCs proliferate in the basal epithelial layer of the

limbal niche and give rise to transient amplifying cells (TACs) (Saghizadeh et al., 2017;

Yazdanpanah et al., 2019). As TACs migrate from the limbus to the center of the cornea,

TACs divide into post-mitotic cells (PMCs) which differentiate into terminally differenti-

ated epithelial cells (TDCs) (Gonzalez et al., 2018; Saghizadeh et al., 2017;

Yazdanpanah et al., 2019). This theory behind the maintenance of the corneal epithelium
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was proposed in 1993 by Thoft and Friend in the X-Y-Z hypothesis. In the hypothesis, X

depicts the proliferation of basal cells, Y the migration of cells towards the center of the

cornea and Z the loss of epithelial cells from the surface. (Thoft and Friend, 1983) This

theory of corneal epithelial cell maintenance by LSCs is presented in Figure 2.

Corneal epithelial cell maintenance by LSCs. LSCs proliferate in the basal ep-
ithelial layer of the limbal niche and give rise to TACs (X). As they migrate first horizon-
tally along the basement membrane then diagonally through the epithelial layers (Y)
TACs divide into PMCs before reaching the surface as TDCs. Finally, TDCs are shed
from the corneal surface (Z). Modified from Saghizadeh et al. (2017), Schlötzer-Schre-
hardt and Kruse (2005) and Yazdanpanah et al. (2019). Created with BioRender.com

Currently, there is no single specific biomarker to identify true LSCs (Kauppila et al.,

2023; Vattulainen et al., 2019). A widely acknowledged biomarker for putative LSCs is

adenosine triphosphate (ATP) binding cassette subfamily G member 2 (ABCG2)

(Schlötzer-Schrehardt and Kruse, 2005; Vattulainen et al., 2019). Other markers ex-

pressed by LSCs include, but are not limited to, paired box protein 6 (PAX6), a master

regulatory gene involved in eye development, the alpha isoform of p63 (ΔNp63α), a tran-

scription factor, as well as cytokeratin 15 (CK15) (Di Iorio et al., 2005; Dziasko and Dan-

iels, 2016; Kauppila et al., 2023; Li et al., 2015; Vattulainen et al., 2019).
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3. CORNEAL BLINDNESS

Corneal diseases and injury are one of the main causes of blindness (Zhang et al.,

2019b). Next, corneal diseases and injury as well as current treatment alternatives are

discussed focusing on the epithelial and stromal layer.

3.1 Corneal diseases and injury

As the outermost layer of the eye, the cornea is at risk of traumatic injury (Guérin et al.,

2021, p. 4). The cornea can be damaged by chemical burns, lodged foreign bodies and

lacerations or perforations. Corneal lacerations are often caused by high-speed flying

objects while corneal perforations can be caused by foreign objects, microbial keratitis,

or immune disorders. In corneal lacerations the injury penetrates both the epithelium and

the stroma whereas in corneal perforations also the endothelium is pierced along with

the epithelium and stroma. (Barrientez et al., 2019) Besides injury to the different corneal

layers, chemical burns as well as mechanical and thermal injuries can also damage the

limbus. This can result in the loss of LSCs which leads to limbal stem cell deficiency

(LSCD). (Barrientez et al., 2019; Saghizadeh et al., 2017)

After injury to the cornea, wound healing mechanisms are activated. When the corneal

injury involves only the epithelium, the healing process is usually rapid. (Barrientez et al.,

2019) If the epithelium is damaged, epithelial cells at the edge of the wound migrate and

spread to cover the wounded area (DelMonte and Kim, 2011). Moreover, with large

wounds, LSCs proliferate and produce TACs which divide and differentiate as they mi-

grate from the limbus towards the center of the cornea to restore the epithelium. How-

ever, if LSCs are damaged or lost, the consequent LSCD results in the ingrowth of the

conjunctiva along with neovascularization leading to corneal opacity and vision loss.

(Saghizadeh et al., 2017)

When the corneal stroma is also injured, the wound healing is more complex (Barrientez

et al., 2019). Upon injury to the stroma, the hCSKs in the injured site undergo apoptosis

(DelMonte and Kim, 2011). Additionally, when the epithelial basement membrane and/or

Descemet's membrane are damaged, pro-fibrotic cytokines are present in the stroma at

high levels and can trigger the transformation of surviving hCSKs into corneal fibroblasts.

If the regeneration of either membrane is delayed, these fibroblasts develop into mature
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αSMA positive myofibroblasts which are able to secrete significant amounts of disor-

dered ECM. (Wilson, 2020) The disordered ECM results in corneal fibrosis, also termed

corneal scarring, which can impair clear vision (Barrientez et al., 2019; Wilson, 2020).

In addition to traumatic injury, various degenerative, dystrophic, infectious and inflam-

matory corneal disorders can result in corneal blindness (Tan et al., 2012). For example,

keratoconus is a progressive disease of the cornea where the stroma suffers gradual

thinning and deterioration of its structural integrity. This results in the bulging of the cor-

nea which appears as a cone-shaped cornea leading to poor vision. (Barrientez et al.,

2019, p. 4) Another disease of the cornea is Fuchs' endothelial corneal dystrophy which

is a progressive hereditary disease where the corneal endothelium is dysfunctional. The

dysfunctional endothelium is not able to correctly regulate fluid absorption of the cornea,

and this causes fluid buildup into the stroma resulting in swelling and hazy vision. (Bar-

rientez et al., 2019; Hemaya et al., 2023) In addition, LSCD may be caused by genetic

or chronic diseases, and lead to vision loss as discussed earlier (Saghizadeh et al.,

2017). Moreover, changes in one or more layers of the cornea due to corneal pathologies

can result in increased light scattering which can lead to the loss of corneal transparency.

For example, several different corneal dystrophies, such as lattice dystrophy, are asso-

ciated with opacities which are caused by different types of stromal deposits. (Meek and

Knupp, 2015)

3.2 Current Treatments

When the corneal injury or disease is very severe and when initial measures have failed,

corneal transplantation, also termed keratoplasty, may be needed to restore vision (Bar-

rientez et al., 2019). Corneal transplantation procedures can be divided into full-thickness

penetrating keratoplasty (PKP) and selective lamellar keratoplasty (LK) (Singh et al.,

2019; Tan et al., 2012). In contrast to PKP where all five layers of the cornea are replaced

by a donor cornea, in LK, only diseased layers of the cornea are replaced while healthy

layers are preserved (Singh et al., 2019; Tan et al., 2012). LK can be roughly divided into

anterior lamellar keratoplasty (ALK) and posterior lamellar keratoplasty (PLK) depending

on which layers of the cornea will be replaced (Singh et al., 2018, 2019). In ALK, the

epithelium and all or part of the stroma are replaced with donor tissue while the patient’s

endothelium is spared (Singh et al., 2019; Tan et al., 2012). Instead, in PLK, only the

Descemet’s membrane and endothelium are removed and replaced with donor equiva-

lents with or without an additional thin strip of stroma. When compared to LK, PKP is

associated with an increased risk of many complications. (Tan et al., 2012) For example,

a major cause of graft failure in PKP is endothelial allograft rejection which is eliminated
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in ALK since the endothelium is preserved (Singh et al., 2018; Tan et al., 2012). There-

fore, when a suitable treatment option, LK has replaced PKP in most specialist centers

(Singh et al., 2018).

Corneal transplantation is the primary method for restoring vision after corneal clarity has

been compromised but requires corneal donor tissue (Tan et al., 2012). This is a signifi-

cant constraint due to the shortage of corneal donor tissue. There is only 1 cornea avail-

able for every 70 needed, and an estimated 12.7 million people waiting for corneal trans-

plantation. (Gain et al., 2016) Moreover, in patients suffering from LSCD, the lack of

LSCs for epithelial regeneration can result in transplant failure (Pellegrini et al., 2013).

Therefore, alternative treatment options have been explored.

Keratoprostheses are artificial corneas where a transparent optical cylinder is sur-

rounded by a skirt or collar button. The optical cylinder allows light to pass whereas the

skirt or collar button integrates the keratoprosthesis with the host corneal tissue. (Jia et

al., 2023; Zhang et al., 2019b) Keratoprostheses are often made of non-degradable and

bioinert materials to maintain function and to improve stability in vivo (Zhang et al.,

2019b). There are several different kinds of keratoprostheses available of which the most

common are the Boston type I and II keratoprostheses (B-KPro Type I, B-KPro Type II)

as well as the osteo-odonto-keratoprosthesis (OOKP) and the modified OOKP (MOOKP)

(Iyer et al., 2018; Salvador-Culla and Kolovou, 2016). The B-KPro Type I has a collar

button design and is implanted into a carrier corneal graft. The device is made from an

anterior plate composed of poly(methyl methacrylate) (PMMA), containing the optical

cylinder, and from a snap-on titanium back plate. The donor cornea is placed between

the two plates and the complex is implanted into the patient’s eye. The B-KPro Type II is

similar to the B-KPro Type I, but the anterior plate penetrates through the upper eyelid

or between both eyelids. (Salvador-Culla and Kolovou, 2016) Instead, the OOKP and

MOOKP use an optical PMMA cylinder which is inserted into the patient’s tooth that

functions as a carrier. The procedure requires multiple complex surgeries and is per-

formed in only a few centers worldwide. (Salvador-Culla and Kolovou, 2016; Tan et al.,

2012) Yet keratoprostheses have several disadvantages: the visual field is limited, the

implantation process is complex, the skirt or button is non-transparent making the ap-

pearance unaesthetic and the keratoprosthesis may be uncomfortable to wear due to

the implant materials being often hard (Zhang et al., 2019b). Therefore, current kerato-

prosthesis options are not ideal alternatives for transplants (Jia et al., 2023) and are used

as last-resort options in the treatment of end-stage corneal blindness when conventional

corneal surgery is likely to fail (Iyer et al., 2018; Tan et al., 2012).
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Due to the lack of donor tissue (Gain et al., 2016) and several drawbacks of keratopros-

theses (Zhang et al., 2019b), TE and stem cell therapy have been researched as possi-

ble alternative solutions (Barrientez et al., 2019). These new treatment approaches are

discussed further in the following chapter, Chapter 4.
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4. CORNEAL TISSUE ENGINEERING

TE was defined in 1993 by Langer and Vacanti as “an interdisciplinary field that applies

the principles of engineering and the life sciences toward the development of biological

substitutes that restore, maintain, or improve tissue function” (Langer and Vacanti, 1993).

As TE aims to develop substitutes for damaged tissue (Langer and Vacanti, 1993), cor-

neal TE has the potential to overcome the shortage of donor corneas (Barrientez et al.,

2019). The cornea is an attractive target for TE since the corneal tissue is avascular and

immune-privileged (Fuest et al., 2020).  As an immune-privileged tissue, rejection and

inflammatory responses are less likely than in other tissues (Fuest et al., 2020, p. 3).

Nevertheless, there are several requirements that TE corneal substitutes should meet.

These include transparency, curvature, sufficient mechanical properties, and appropriate

biological function of cells (Fuest et al., 2020, pp. 5–6).

To create biological corneal substitutes, TE utilizes scaffolds, cells, and biomolecules

such as growth factors (Bakhshandeh et al., 2017; Tafti et al., 2022). Scaffolds are 3D

structures designed to mimic the functions of natural ECM, at least partly (Chan and

Leong, 2008; Nikolova and Chavali, 2019).  Scaffolds are constructed from biomaterials,

defined as materials designed to direct the course of a therapeutic or diagnostic proce-

dure through interactions with living systems (Ghasemi-Mobarakeh et al., 2019; Ovsiani-

kov et al., 2018). One of the most common biomaterials used for scaffolds in TE are

hydrogels as they can retain their 3D structure, provide mechanical support for cells as

well as mimic natural ECM (Mantha et al., 2019). Hydrogels are discussed in detail in

Chapter 6 along with bioinks.  As for cells, several different cell types have been used,

but stem cells are one of the most promising due to their self-renewal ability

(Bakhshandeh et al., 2017). Therefore, stem cells and their application as a possible cell

source for corneal epithelial and stromal TE are discussed in Chapter 4.3.

Generally, TE can be divided into scaffold-free and scaffold-based approaches (Mat-

thyssen et al., 2018). In scaffold-free, i.e., cell-based, approaches, cells have the primary

role in the TE construct whereas scaffold-based approaches combine biomaterials, cells

and biomolecules to create functional scaffolds that support cellular function (Hussain

and Pei, 2021; Matthyssen et al., 2018). Next, in Chapters 4.1 and 4.2 scaffold-free and

scaffold-based approaches are introduced, respectively.
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4.1 Scaffold-free approaches

Scaffold-free approaches are often used for epithelial and endothelial TE since they are

composed of only a few cell layers and closely combined with the basal layers of the

cornea in vivo (Matthyssen et al., 2018). Scaffold-free approaches used for corneal TE

include cellular spheroids, cell-suspensions, and cell-sheets (Hussain and Pei, 2021).

Spheroids are defined as “cell aggregates, self-assembling in an environment that pre-

vents attachment to a flat surface” (Białkowska et al., 2020). Cell spheroids are used as

building blocks in scaffold-free TE since they allow intense cell-to-cell interactions and

mimic other physiological conditions of complex tissues (Ovsianikov et al., 2018). Multi-

lineage-differentiating stress enduring spheroids have been used as a cell source for

human corneal stromal cells (hCSCs) and were used for the treatment of corneal scarring

in a mouse model with promising results (Guo et al., 2020).

In cell-suspension approaches, the cell suspension is injected into the transplantation

site (Hussain and Pei, 2021). Cell-suspension approaches have been used in corneal

stromal TE.  Alió Del Barrio et al. (2017) injected autologous human adipose tissue-

derived stem cells (hASCs) into the corneal stroma of patients with advanced kerato-

conus and found that the treatment showed moderate improvement of visual acuity in

patients three years after the procedure (Alió Del Barrio et al., 2017; El Zarif et al., 2021).

Injecting cells into the corneal stroma is a simple strategy for stromal reconstruction, but

it can disrupt the precise organization of collagen fibers and is ineffective for the recon-

struction of severely damaged stroma since the cell-suspension does not include a sup-

portive matrix and cells are localized poorly (Hussain and Pei, 2021).

In cell-sheet approaches, intact cells sheets are harvested after culturing cells on a re-

sponsive surface that allows the produced cell sheet to detach along with their ECM (G.

Chen et al., 2015; Hussain and Pei, 2021). Cell-sheet approaches have been utilized in

stromal reconstruction. Human CSSCs were cultured on microgrooved substrates which

enabled the production of cell sheets with ECM organization mimicking the native human

stroma (Syed-Picard et al., 2018). Once implanted into mouse stromal pockets, the cell

sheets were incorporated into the surrounding tissue and became transparent (Syed-

Picard et al., 2018). Moreover, cell sheets have been utilized in stromal TE by stacking

hCSK cell sheets to create thicker stromal structures (Gouveia et al., 2017). Additionally,

cell-sheet approaches have been used to repair the corneal epithelium in patients with

LSCD (Burillon et al., 2012; Pellegrini et al., 1997). Pellegrini et al. (1997) used autolo-

gous LSC cell sheets which were expanded ex vivo before transplantation. A product

called Holoclar based on this ex vivo expansion of autologous LSCs was authorized for
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use in the European Union in 2015 (Deng et al., 2020; EMA, 2018). However, in bilateral

LSCD, where both eyes are damaged, sufficient amounts of LSCs may not be present

for ex vivo expansion of autologous LSCs (Deng et al., 2020). To overcome this limita-

tion, Burillon et al. (2012) treated patients with cultured autologous oral mucosal epithe-

lial cell sheets with promising results. Nonetheless, a drawback of cell sheet approaches

is the delicate structure of the ultrathin cell-sheets therefore causing difficulty in handling

during transplantation (Hussain and Pei, 2021). Consequently, cell-sheet approaches

may need carrier materials to ease transplantation such as the fibrin membrane used in

Holoclar (EMA, 2018; Hussain and Pei, 2021).

Generally, in the scaffold-free approach, reaching sufficient mechanical properties is a

concern. However, high initial cell density and the possibility of tissue self-assembly are

major advantages which, in contrast, cannot be achieved with the scaffold-based ap-

proaches introduced in the next chapter, Chapter 4.2. (Ovsianikov et al., 2018)

4.2 Scaffold-based approaches

A major advantage of scaffold-based approaches is that adequate mechanical properties

can be achieved (Ovsianikov et al., 2018). This is particularly important in stromal TE

since the stroma accounts for most of the thickness of the cornea. Therefore, scaffold-

based approaches are more commonly used in stromal regeneration. (Matthyssen et al.,

2018) Scaffold-based approaches rely on biomaterials to create a temporary structure

that supports cells during tissue formation. The scaffold provides a biomimetic environ-

ment for the cells as well as the possibility of delivery and controlled release of biomole-

cules. Therefore, the properties of the biomaterial largely influence the functionality of

the scaffold. (Ovsianikov et al., 2018) These biomaterials can be divided into synthetic

and natural biomaterials of which synthetic biomaterials have better mechanical proper-

ties but lack cell binding cites (Mahdavi et al., 2020b). Examples of synthetic biomaterials

used in corneal TE include synthetic polymers such as polycaprolactone (PCL) and

poly(L,D lactic acid) (PLDLA) (Chen et al., 2018). Instead, natural biomaterials are de-

rived from natural sources and have gained interest in corneal TE due to their biocom-

patibility and cell binding sites. Nevertheless, natural biomaterials often have poor me-

chanical properties and a high degradation rate. (Mahdavi et al., 2020b) Examples, of

natural biomaterials include amniotic membrane (AM), decellularized cornea and colla-

gen (Mahdavi et al., 2020b), which are introduced next.

A well-known natural biomaterial used in ophthalmology is AM (Jirsova and Jones,

2017). AM is the innermost layer of the placenta composed of a monolayered epithelium,

a basement membrane and a three-layer avascular stroma (Jirsova and Jones, 2017;
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Nejad et al., 2021). AM is widely used in corneal regeneration applications due to being

translucent and having anti-inflammatory as well as anti-microbial properties (Jirsova

and Jones, 2017; Le and Deng, 2019). Also, as the collagen composition of the base-

ment membrane of the AM is similar to the one in the cornea, AM is a suitable substrate

for corneal epithelial cells to grow on (Jirsova and Jones, 2017). In addition to using AMs

alone as grafts in ophthalmology (Jirsova and Jones, 2017; Le and Deng, 2019), AMs

have been utilized for both corneal epithelial and stromal TE. In corneal epithelial TE,

AMs have been used as substrates and carriers for ex vivo cultured LSCs in patients

with bilateral LSCD (Le and Deng, 2019). Instead in corneal stromal TE, Che et al. (2019)

created a corneal stromal structure by culturing hCSCs on ultrathin AMs and then stack-

ing these AMs to form a multilayered structure. The hCSCs in the AM-hCSC-structures

secreted ECM with a microstructure similar to the human cornea (Che et al., 2019). De-

spite the several advantages of AM, disadvantages include batch-to-batch variation, pos-

sible disease transmission, and suboptimal transparency (Hussain and Pei, 2021).

Another natural biomaterial that has received attention in corneal TE is decellularized

cornea (Hussain and Pei, 2021). In decellularization, cells are removed with biological,

physical or chemical processes from the donor tissue leaving behind the ECM which can

be utilized as a scaffold (Matthyssen et al., 2018). The decellularized cornea can be

recellularized before transplantation. For example, Alió del Barrio et al. (2018) trans-

planted decellularized human corneal stroma sheets recellularized with autologous

hASCs into the corneal stroma of patients with advanced keratoconus and found that the

treatment showed moderate visual and refractive improvement in patients three years

after the procedure (Alió del Barrio et al., 2018; El Zarif et al., 2021). The major ad-

vantage of decellularized cornea is that the native ECM is preserved thereby giving the

scaffold the biochemical composition and tissue structure of the native cornea (Mantha

et al., 2019). However, as decellularized cornea is based on donor tissue, limitations

include batch-to-batch variation and possible disease transmission. Moreover, the pro-

liferation of hCSKs inside decellularized corneas is challenging. (Hussain and Pei, 2021)

In addition to AM and decellularized cornea, various other biomaterials have been used

as scaffolds for corneal TE. Especially, collagen-based biodegradable scaffolds have

been researched for corneal stromal regeneration (Hussain and Pei, 2021; Matthyssen

et al., 2018). Often Col I and III have been used in the form of hydrogels since the corneal

stroma is naturally a hydrogel mostly composed of collagen (Matthyssen et al., 2018).

As an example, crosslinked recombinant human Col III cell-free hydrogel scaffolds, were

implanted into patients by ALK and promoted regeneration of corneal tissues and nerves
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at four years (Fagerholm et al., 2014). Also, collagen sponges and films have been uti-

lized in corneal stromal TE (Crabb and Hubel, 2008; Matthyssen et al., 2018; Orwin et

al., 2003). To improve the mechanical properties of collagen scaffolds, collagen has been

used with other biomaterials (Matthyssen et al., 2018).  For example, electrospun PLDLA

nanofiber meshes were incorporated into Col I hydrogels in a corneal stromal model

(Wilson et al., 2012). Other biomaterials utilized in corneal TE include, but are not limited

to, gelatin (Shirzaei Sani et al., 2019), silk fibroin (Wang et al., 2017), and hyaluronic acid

(HA) (Koivusalo et al., 2019).

Widely used conventional scaffold fabrication techniques include electrospinning, freeze-

drying, liquid molding, and particulate leaching (Tafti et al., 2022). However, creating

scaffolds with specific tissue characteristics mimicking the natural ECM both structurally

and functionally is challenging, and conventional fabrication techniques are not able to

provide the precise positioning of multiple cell types needed for the creation of functional

tissues (Cui et al., 2020; Tafti et al., 2022). To overcome these challenges, 3D bioprinting

has been extensively studied in recent years, and will be discussed in Chapter 5.

4.3 Stem cells as cell source for corneal tissue engineering

Stem cells are unspecialized cells of the human body that have self-renewal ability and

can differentiate into several cell types (Rajabzadeh et al., 2019; Zakrzewski et al., 2019).

Therefore, stem cells hold great potential for TE (Si et al., 2019). Stem cells can be

classified based on their differentiation ability (Rajabzadeh et al., 2019). Totipotent stem

cells have the highest differentiation potential and can differentiate into any cell type

found in the organism (Rajabzadeh et al., 2019; Zakrzewski et al., 2019). Pluripotent

stem cells (PSCs) can form cells of all three germ layers, endoderm, mesoderm, and

ectoderm whereas multipotent stem cells can differentiate into cell types of only one

germ layer. Instead, unipotent stem cells have the narrowest differentiation capabilities

and can differentiate into only one cell type. (Zakrzewski et al., 2019)

In addition to corneal -derived stem cells, LSCs and CSSCs, non-corneal -derived stem

cells can be utilized in corneal TE including PSCs and mesenchymal stem cells (MSCs)

(Wang et al., 2023). PSCs include embryonic stem cells (ESCs) and induced PSCs (iP-

SCs) (Zakrzewski et al., 2019). From the two, ESCs are derived from the inner cell mass

of preimplantation embryos and therefore a source of ethical conflict (Thomson et al.,

1998; Zakrzewski et al., 2019). Instead, iPSCs can be reprogrammed from adult somatic

cells and thus do not possess the same ethical concerns as ESCs (Chakrabarty et al.,

2018; Takahashi et al., 2007). PSCs can provide an almost unlimited cell source due to

their self-renewal ability and capability to differentiate into desired cell types (Zakrzewski
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et al., 2019). Thus, PSCs have also been researched for corneal TE. For the epithelial

layer of the cornea, in 2007, Ahmad et al. produced the first human PSC-derived corneal

epithelial-like cells (Ahmad et al., 2007). Since then, hPSC-LSCs and epithelial cells

have been produced with several different protocols (Hayashi et al., 2016; He et al.,

2020; Hongisto et al., 2017; Mikhailova et al., 2014). Corneal epithelial cell sheets de-

rived from iPSCs have been used for the treatment of LSCD in first-in-human clinical

trials in Japan (Osaka University, 2019; WHO, 2023). For the stromal layer of the cornea,

hCSK differentiation using human PSC has also been reported (Chan et al., 2013; Naylor

et al., 2016).

MSCs are multipotent stem cells found in various adult tissues (Ullah et al., 2015). A

subset of MSCs, are hASCs which can be easily obtained from adipose tissue. In addi-

tion, hASCs can be expanded in vitro, have immunomodulatory properties, and have the

capacity to differentiate into multiple cell lineages. (Si et al., 2019) For example, hASCs

have been successfully differentiated towards CSKs (hASC-CSKs) in vitro and in vivo

(Du et al., 2010; Espandar et al., 2012). Due to these multiple advantages, hASCs have

been utilized for corneal stromal TE. Alió Del Barrio et al. used hASCs in both scaffold-

free and scaffold-based approaches for corneal stroma with promising results in patients

with advanced keratoconus as discussed in Chapters 4.1 and 4.2 (Alió del Barrio et al.,

2018; Alió Del Barrio et al., 2017; El Zarif et al., 2021). Also, hASCs as well as hASC-

CSKs have been utilized for example in 3D bioprinting of corneal stromal structures

(Mörö et al., 2022).
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5. 3D BIOPRINTING

3D bioprinting is an additive manufacturing technique where tissue-like constructs are

printed from cells and biomaterials layer-by-layer (Mandrycky et al., 2016; Schwab et al.,

2020). 3D bioprinting holds huge potential for TE since the approach enables the auto-

mated fabrication of cell-containing structures with high resolution and hierarchical or-

ganization (Schwab et al., 2020). In 3D bioprinting, a bioink is deposited by the 3D bi-

oprinter to create the desired structure (Schwab et al., 2020) and will be discussed further

in Chapter 6.

A typical 3D bioprinting procedure is composed of the following steps. First, the 3D model

to be printed is created using computer-aided design (CAD). The 3D model can be de-

signed with graphic user interfaces or created from clinical images such as images ac-

quired from magnetic resonance imaging (MRI) or computed tomography (CT). Next, the

3D model is converted to a stereolithography (STL) file which is then sliced to create

layers that will be printed by the bioprinter. Within layers, bioprinter toolpaths are created

to design the outline and inner features of each slice. After creating the 3D model and

bioprinter tool paths, suitable cell types and biomaterials are selected for the bioink. Fol-

lowing these steps, 3D bioprinting can be performed by the bioprinter. After bioprinting,

the bioprinted tissues are cultured in vitro for further analysis. (Mandrycky et al., 2016)

The in vitro culture allows the growth and maturation of the bioprinted tissue before pos-

sible in vivo implantation (Saini et al., 2021).

Several different 3D bioprinting techniques exist since no single 3D bioprinting technique

is able to produce all scale and complexities needed to produce synthetic tissue (Man-

drycky et al., 2016). Commonly adopted 3D bioprinting techniques include extrusion-

based, inkjet, laser-assisted and lithography-based bioprinting (Jia et al., 2023; Schwab

et al., 2020). Extrusion-based bioprinting will be introduced in the following chapter since

it is the bioprinting approach used in the experimental part of this thesis. After this, in

Chapter 5.2, the other commonly adopted 3D bioprinting approaches will be briefly intro-

duced.

5.1 Extrusion-based bioprinting

Most commercially available bioprinters are based on extrusion-based bioprinting (Man-

drycky et al., 2016). In extrusion-based bioprinting, a continuous filament is extruded

through a nozzle or needle and deposited onto a building platform layer-by-layer based
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on the pre-designed 3D model.  Once the bioink filament exits the nozzle it should retain

its shape without deformation. Therefore, precrosslinking strategies can be used to im-

prove stable filament extrusion, and/or crosslinking induced after printing can be per-

formed to stabilize the extruded filament. (Schwab et al., 2020) Different crosslinking

strategies used in 3D bioprinting are discussed further in Chapter 6.2.

Extrusion-based 3D bioprinters can have pneumatic, piston- or screw-driven dispensing

systems (Figure 3) (Schwab et al., 2020). In pneumatic dispensing systems, the driving

force required to extrude the filament is provided by air pressure.  Instead, in piston-

driven systems vertical mechanical force and in screw-driven dispensing systems rota-

tional mechanical forces are used to extrude the filament. (Derakhshanfar et al., 2018)

Screw-driven dispensing systems are used for highly viscous materials whereas pneu-

matic pressure and piston-based systems are typically used for materials with lower vis-

cosities (<107 mPa·s) (Schwab et al., 2020).

Different dispensing systems in extrusion-based bioprinting. Pneumatic, pis-
ton- or screw-driven dispensing systems can be used to extrude a filament through a
nozzle or needle from the bioink which is stored in a cartridge. Modified from Schwab et
al. (2020).

Indeed, an advantage of extrusion-based bioprinting is that it is suitable for printing bio-

inks with varying viscosities (Mandrycky et al., 2016). Other advantages of extrusion-

based bioprinting include that bioprinters are often affordable, easy to use, fast prototyp-

ing can be performed, and a wide range of printable biomaterials are available (De-

rakhshanfar et al., 2018; Kong and Wang, 2023). Importantly, another advantage of ex-

trusion-based bioprinting is that bioinks with high cell densities can be printed. However,

shear stress and mechanical forces in the nozzle during extrusion of the bioink result in

cell viability of 40 – 80% in the final structure. (Mandrycky et al., 2016) Moreover, extru-

sion-based bioprinting is slow, and since extrusion-based bioprinting uses filaments as
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the building blocks of the structure, the creation of more complex shapes is hard (Li et

al., 2023; Schwab et al., 2020). This is because the feasible printing resolution is mostly

determined by the bioink and nozzle diameter even though extrusion-based bioprinters

are available with accurate tool heads with 5 – 100 µm accuracy in the x-y-z planes. With

cell containing bioinks, the printing resolution is also affected by the embedded cells

since shear stress acting on cells in the nozzle during extrusion restricts the diameter of

the nozzle that can be used as a smaller nozzle diameter creates higher shear stress.

(Schwab et al., 2020) Therefore, the resolution of cell containing bioinks is typically lim-

ited to 100 µm (Li et al., 2023; Schwab et al., 2020). To prevent unnecessary shear

stresses affecting cell viability and to ease extrusion, bioinks with shear-thinning proper-

ties are often selected since the viscosity of these materials decreases as shear rate

increases during extrusion (Schwab et al., 2020).

A new area of research in extrusion-based 3D bioprinting is coaxial bioprinting (Kong

and Wang, 2023). In coaxial bioprinting, a two-layered nozzle is used allowing the co-

extrusion of two different solutions, a crosslinker and bioink, to create either bulk or hol-

low fibers (Costantini et al., 2018; Kong and Wang, 2023; Shyam Mohan et al., 2022).

Thus, it is suitable for continuous fabrication of tubular structures and has been utilized

especially in 3D bioprinting of vascularized tissues to obtain small-diameter blood ves-

sels (Kong and Wang, 2023). Another adaptation, of extrusion-based bioprinting is print-

ing into coagulation or support baths instead of directly onto a substrate. When bioprint-

ing into coagulation baths, the liquid in the bath triggers the gelation of the extruded

bioink (Costantini et al., 2018). Instead, when bioprinting into support baths, the bath

gives structural support to the printed 3D structure, and this approach is often referred

to as the Freeform Reversible Embedding of Suspended Hydrogels (FRESH) -method

(Costantini et al., 2018; Hinton et al., 2015). The FRESH -method has been utilized in

3D bioprinting of the cornea to maintain the curved shape of the bioprinted structure

(Isaacson et al., 2018).

In 3D bioprinting of the cornea, extrusion-based bioprinting is the most frequently used

3D bioprinting approach (Boix-Lemonche et al., 2023; Isaacson et al., 2018; Kilic Bektas

and Hasirci, 2020; Kim et al., 2019a, 2019b, 2018; Kutlehria et al., 2020; Mörö et al.,

2022; Peng et al., 2022; Song et al., 2022; Wu et al., 2016; Zhang et al., 2019a). There-

fore, it is important to consider that structures created by extrusion-based bioprinting may

have prominent strip-like patterns since the structures are composed of filaments. This

is undesirable in applications that aim to create transparent constructs such as corneal

tissue where these patterns could lead to opacities. (Jia et al., 2023) 3D bioprinting of

the cornea is reviewed in detail in Chapter 7.
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5.2 Other 3D bioprinting approaches

In addition to extrusion-based bioprinting, other major 3D bioprinting techniques include

inkjet, laser-assisted and lithography-based bioprinting. Next, these techniques are

briefly introduced.

Inkjet bioprinting was the first 3D bioprinting technique developed and is based on the

inkjet printer ejecting controlled-size bioink droplets which are sequentially deposited

onto a substrate to build up tissue-like constructs (Mandrycky et al., 2016). Inkjet bioprint-

ing is classified into continuous inkjet and drop-on-demand (DoD) bioprinting. Continu-

ous inkjet bioprinting ejects a continuous stream of bioink droplets whereas DoD bioprint-

ing ejects droplets only on demand. Of the two, DoD bioprinting is preferred since drop-

lets and their positioning can be more precisely controlled. (Vijayavenkataraman et al.,

2018) In DoD bioprinting, the bioink droplets are generated by a thermal or piezoelectric

actuator from the bioink that is stored in an ink cartridge (Figure 4A). Advantages of inkjet

bioprinting include relatively high cell viability, high printing speed due to the possibility

of multiple print heads working at the same time and low cost because of the similarity

of the structure of the inkjet printer to commercial printers. Instead, disadvantages of

inkjet bioprinting include, that it cannot be used for high viscosity materials (>15 mPa·s)

and cell density of the bioink should be low (<1 x 106 cells/ml) to keep the viscosity of

the bioink low and to prevent clogging of the print head. (Mandrycky et al., 2016) Also,

as inkjet printing uses bioink droplets to create the structure, the application possibilities

of this bioprinting technique are limited (Derakhshanfar et al., 2018). Additionally, there

is a risk of causing ultrasonic or thermal damage to the cells with the piezoelectric or

thermal dispense mechanism (Kong and Wang, 2023). In corneal 3D bioprinting, DoD

bioprinting has been utilized to create corneal stromal structures with a curved dome-like

shape (Duarte Campos et al., 2019).

Laser-assisted bioprinting (LaBP) is based on a donor layer that responds to laser stim-

ulation. The donor layer is composed of an energy-absorbing layer that responds to the

laser stimulation and of bioink below the energy-absorbing layer. During LaBP a laser

pulse is focused on the energy-absorbing layer which causes the layer to vaporize and

form a high-pressure bubble that pushes the bioink to fall as a droplet onto the substrate

(Figure 4B). (Mandrycky et al., 2016) Advantages of LaBP include high resolution, high

cell viability in printed constructs since no shear stress is applied to the cells during print-

ing, the ability to print highly viscous materials, and that the technique is a nozzle-free

approach eliminating clogging in the print head (Kong and Wang, 2023; Mandrycky et

al., 2016). In contrast, disadvantages of LaBP include high cost, the lack of understand-

ing about the side effects of laser exposure on the cells, and the use of metals in the
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energy-absorbing layer which may lead to metallic nanoparticle-induced cytotoxicity

(Mandrycky et al., 2016; Vijayavenkataraman et al., 2018). LaBP has been utilized for

bioprinting corneal structures including stromal and epithelial structures as well as struc-

tures with both stroma and epithelium (Sorkio et al., 2018).

Illustrations of inkjet bioprinting (A) and LaBP (B) in which 3D bioprinting is
based on the deposition of droplets. Modified from Mandrycky et al. (2016).

Lithography-based bioprinting utilizes light to selectively crosslink a photosensitive bioink

in a reservoir or vat to create the 3D object (Li et al., 2023; Schwab et al., 2020). Different

lithography-based bioprinting techniques exist and are categorized based on the exact

mechanism of irradiation of the bioink. Examples of lithography-based bioprinting tech-

niques include stereolithography (SLA) and dynamic light processing (DLP). (Schwab et

al., 2020) In both SLA and DLP, the 3D object is created layer-by-layer. In SLA, a moving

laser beam scans a layer of bioink in the printing position of the vat curing the photosen-

sitive bioink point-by-point (Figure 5A). (Li et al., 2023) Instead, in DLP the curing is done

plane-by-plane by projecting a 2D pattern of light to the layer of bioink using a digital

mirror device (DMD) or a liquid crystal display (LCD) projection system (Figure 5B) (Li et

al., 2023; Schwab et al., 2020). Therefore, DLP is faster than SLA as the whole layer of

bioink can be cured in one individual light exposure. In both techniques, after the layer

has been bioprinted, the build platform is moved up (bottom-up approach) or down (top-

down approach) in z-direction to allow new bioink to flow to the printing position so that

the next layer can be cured by the laser. (Li et al., 2023) Advantages of lithography-

based bioprinting techniques include high resolution of down to 10 µm, fast fabrication

speeds, and that the technique is a nozzle-free approach (Li et al., 2023; Schwab et al.,

2020). A disadvantage of lithography-based bioprinting is that it requires photosensitive

bioinks often needing ultra-violet (UV) light for polymerization which can be harmful to

cells (Derakhshanfar et al., 2018; Knowlton et al., 2017; Lim et al., 2020). Additionally,
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despite the high resolution, curved surfaces often appear as steps or terraces and there-

fore the resolution is still not ideal for creating curved constructs such as the cornea (Jia

et al., 2023).

Illustrations of lithography-based bioprinting approaches. As examples, SLA
with bottom-up approach (A) and DLP with top-down approach (B). Modified from Li et
al. (2023).
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6. BIOINKS

Groll et al. (2018) have defined bioinks as “a formulation of cells suitable for processing

by an automated biofabrication technology that may also contain biologically active com-

ponents and biomaterials”. Therefore, bioinks are 3D bioprintable formulations where

cells are a mandatory component of the bioink. Additionally, the bioink may include bio-

materials and biologically active components such as growth factors and cytokines, how-

ever, these are not mandatory components. Instead, biomaterials which are used for

printing and are seeded with cells post-fabrication, are referred to as biomaterial inks.

(Groll et al., 2018)

There are various requirements for a bioink, such as requirements based on the 3D bi-

oprinting approach. For example, in extrusion-based bioprinting, individual cells and/or

cell aggregates respond negatively to the shear stress during bioprinting reducing cell

viability (Cui et al., 2020). Furthermore, as SLA and DLP are based on photopolymeri-

zation, the bioinks used in these approaches must have a photocrosslinkable component

(Li et al., 2023). Therefore, biomaterials are also often incorporated into the bioink, and

for this one of the most common choices is hydrogels. For example, in extrusion-based

bioprinting, the hydrogel functions as a cell delivery vehicle protecting cells during bi-

oprinting. (Cui et al., 2020) Hydrogels used in bioinks will be discussed further in Chapter

6.1 along with their crosslinking mechanisms (Chapter 6.2).

Karvinen and Kellomäki (2023) have defined that an ideal bioink should be “printable and

easily manipulated by the printer, have controllable chemical, physical, functional, mate-

rial and biological properties, have suitable viscosity and rheological properties, contain

sterile and endotoxin free starting materials, be stable during printing procedure, enable

homogeneous distribution of cells, and consider manufacture impact on cell viability”.

Therefore, bioinks have requirements from both the 3D bioprinting approach itself as well

as the cells which are embedded in the bioink. Consequently, one of the major chal-

lenges associated with 3D bioprinting is the development of bioink formulations that both

meet the physicochemical requirements of the 3D bioprinting approach as well as the

biological requirements of cells (Schwab et al., 2020). To underline this, the concept of

“biofabrication window” has been introduced which describes the relationship between

biocompatibility and shape fidelity of a bioink (Karvinen and Kellomäki, 2023; Schwab et

al., 2020). In this context, shape fidelity describes how well the bioprinted structure

matches the original 3D model (Karvinen and Kellomäki, 2023). Traditionally, bioinks
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with good shape fidelity are stiff due to high polymer concentration and crosslinking den-

sity. However, the biological performance of cells, such as cell proliferation, migration,

and differentiation, are reduced. Nevertheless, novel approaches have been developed

where structures with high shape fidelity can be printed with low stiffness materials.

(Schwab et al., 2020) Due to the multiple requirements set for bioinks, it is important to

characterize bioinks. The characterization of bioinks is discussed in Chapter 6.3.

6.1 Hydrogels

Hydrogels are 3D hydrophilic polymer networks that can hold substantial amounts of

water or biological fluids (Mantha et al., 2019). Hydrogels are used for 3D bioprinting and

TE in general, since they mimic natural ECM components and allow cell encapsulation

in a highly hydrated as well as mechanically supportive 3D environment (Dell et al.,

2022). Moreover, the high-water content of hydrogels, helps the diffusion of nutrients in

the structure (Mantha et al., 2019) and hydrogels can be modified to improve their bio-

compatibility, cellular adhesion, mechanical and shear-thinning properties (Dell et al.,

2022). Therefore, hydrogels are the most used biomaterials in 3D bioprinting (Mancha

Sánchez et al., 2020).

Hydrogels used in 3D bioprinting can be divided into synthetic polymer-based, natural

polymer-based, and modified natural polymer-based hydrogels (Fang et al., 2023). The

advantages of synthetic polymers include easy industrial production and ease of chemi-

cal modification (Dell et al., 2022). Instead, natural polymers are derived from natural

sources and have better biological properties than synthetic polymers, including im-

proved biocompatibility, biodegradability, cell affinity, and low toxicity (Dell et al., 2022;

Fang et al., 2023). However, natural polymer-based hydrogels often have poor mechan-

ical properties and therefore natural polymers have been functionalized to create modi-

fied natural polymer-based hydrogels. These hydrogels have improved mechanical prop-

erties and reduced sensitivity to environmental conditions while still maintaining the ex-

cellent biocompatibility of natural hydrogels. (Chimene et al., 2020; Fang et al., 2023)

Next, commonly used natural and modified natural polymer-based hydrogels for bioinks

will be introduced focusing on hydrogels which have been used for corneal applications.

Alginate is an unbranched natural anionic polysaccharide derived from brown seaweeds

and is physically crosslinked with divalent cations such as calcium to form hydrogels (Hu

et al., 2021). Alginate is used in 3D bioprinting due to having high biocompatibility, being

inexpensive, nonimmunogenic and biodegradable (Balters and Reichl, 2023). However,

it degrades slowly, suffers from poor printability, and has inadequate support for cell pro-

liferation. Additionally, a major drawback of alginate is the lack of cell binding motifs in
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alginate leading to poor cellular adhesion. Therefore, alginate is often combined with

other biomaterials such as collagen. (Balters and Reichl, 2023; Dell et al., 2022) In these

bioinks alginate usually acts as a structural stabilizer and thickening agent (Dell et al.,

2022).

Collagen-based hydrogels for bioinks are mainly formed from type I (Col I) (Stepanovska

et al., 2021). Col I is the main component in the connective tissues of mammals and is

the most abundant protein in the ECM of corneas (Balters and Reichl, 2023; Ste-

panovska et al., 2021). Collagen is often used in bioinks due to exhibiting low immuno-

logical reactions and increasing cell growth, adhesion and attachment due to having cell

binding motifs its structure. However, collagen has a slow gelation time, up to 30 minutes

at 37 °C, and has low mechanical strength. (Balters and Reichl, 2023) Therefore, colla-

gen can be combined with other biomaterials as done with corneal bioinks where gelatin

and alginate were combined with collagen (Balters and Reichl, 2023; Kutlehria et al.,

2020; Wu et al., 2016). Moreover, to increase mechanical strength, collagen can be

chemically modified with methacrylate (Balters and Reichl, 2023; Isaacson et al., 2018).

Chemical modification of natural polymers with methacrylate allows photocrosslinking of

the polymers which leads to the formation of covalent bonds which can improve mechan-

ical properties of the structure (Muir and Burdick, 2021). Crosslinking generally, as well

as photocrosslinking will be discussed in more detail in the next chapter.

Gelatin is produced as a result of partial hydrolysis of collagen and thus gelatin has sim-

ilar properties as collagen. These include biocompatibility, transparency and the pres-

ence of cell binding motifs which improve cell attachment. As an advantage over colla-

gen, gelatin is more soluble, has reduced antigenicity and gelates more easily. However,

gelatin needs to be cooled to reach a gel state which can negatively affect cell viability,

and, like collagen, gelatin lacks mechanical stability. Therefore, gelatin is also combined

with other biomaterials or chemically modified. (Balters and Reichl, 2023) Chemical mod-

ification of gelatin with methacrylate produces gelatin methacrylate (GelMA) which has

been widely used in bioprinting due to easy synthesis with low cost, photocrosslinkability

and biocompatibility (Rajabi et al., 2021). GelMA can be combined with other biomateri-

als to further increase mechanical properties (Balters and Reichl, 2023). For example,

He et al. (2022) combined GelMA and poly(ethylene glycol) diacrylate (PEGDA) to in-

crease the toughness of bioprinted corneal structures.

HA is an unbranched polysaccharide, naturally found in the ECM of various tissues and

one of the most commonly used biomaterials for bioinks (Balters and Reichl, 2023; Dell

et al., 2022). This is because HA is biocompatible, biodegradable, hydrophilic, supports

cell signaling, wound repair, matrix organization and has anti-inflammatory effects (Dell
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et al., 2022; Ding et al., 2023). Nevertheless, due to poor mechanical strength and a fast

degradation rate, HA is not suitable alone for 3D bioprinting (Ding et al., 2023). There-

fore, HA is often chemically modified with functional groups to limit its degradation and

increase stability in bioinks (Dell et al., 2022). Various modifications can be made. For

example, to make photocrosslinkable bioinks HA can be modified with methacrylate,

acrylate and tyramine groups (Sekar et al., 2023). As another example, HA can be func-

tionalized with hydrazide and aldehyde groups to create HA-based bioinks via hydrazone

crosslinking (Mörö et al., 2022; Sekar et al., 2023). Under normal conditions, HA is not

found in the ECM of the cornea (Balters and Reichl, 2023) but has still been utilized in

corneal bioinks (Mörö et al., 2022; Sorkio et al., 2018).

Decellularized ECM extracted from different tissues or organs has also been used for

bioinks (Khoshnood and Zamanian, 2020). The advantage of decellularized ECM bioinks

is that the bioink contains a wide range of ECM components and thus resembles more

closely the native tissue providing high cellular survival and functionality (Khoshnood and

Zamanian, 2020; Mandrycky et al., 2016). However, decellularized ECM bioinks have

poor mechanical properties and extraction of ECM from a specific tissue or organ is ex-

tremely expensive and labor intensive compared to polymer-based bioinks (Khoshnood

and Zamanian, 2020). An alternative approach to obtain decellularized ECM for bioinks

is cell-derived ECM which can be obtained by culturing cells that synthesize, secrete,

and assemble ECM components around them. Once enough ECM has been deposited,

the cells can be removed through decellularization. Thus, cell-derived ECM is more eas-

ily obtained and can be scaled up through the culture of cells in bioreactors. (Dzobo et

al., 2019)

Finally, it is important to emphasize that bioinks containing only one type of hydrogel as

biomaterial component in the bioink normally either sacrifice biocompatibility or shape

fidelity needed for successful extrusion-based bioprinting. Therefore, the introduction of

one or more components into a bioink can improve the biofunctionality or enhance the

mechanical stability to maintain shape fidelity of the bioink. Often these types of multi-

component bioinks involve more than one type of crosslinking mechanism and therefore

understanding the crosslinking chemistry of the components is important. (Cui et al.,

2020) Next, crosslinking mechanisms used are discussed.

6.2 Crosslinking

To be able to maintain shape fidelity of printed constructs, crosslinking of the hydrogel in

the bioink is essential. Incomplete crosslinking of the hydrogel can lead to the collapse

of the printed construct. (Cui et al., 2020) Therefore, crosslinking affects the stability and
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mechanical properties of the hydrogel (Zennifer et al., 2022). Additionally, the crosslink-

ing process can affect cell viability and functionality, and therefore should be carefully

designed (Cui et al., 2020). The crosslinking approach used depends on the polymer

backbone, functional side groups of the polymer and their crosslinking mechanism (Zen-

nifer et al., 2022). Crosslinking of hydrogels can be broadly divided into physical or chem-

ical crosslinking (Cui et al., 2020; Zennifer et al., 2022).

Physical crosslinking is a result of noncovalent interactions between polymer chains.

These interactions include hydrophobic interactions, electrostatic interactions, hydrogen

bonds and stereocomplexation. As the noncovalent interactions are reversible and are

influenced by the environment, e.g., temperature, pH and ions present, solely physically

crosslinked hydrogels have poor mechanical stability when compared to chemically

crosslinked hydrogels. Nevertheless, hydrogels crosslinked using physical crosslinking

have shear-thinning behavior and reversibility of bond formation under applied pressure,

thus being attractive for extrusion-based bioprinting. (Cui et al., 2020) As an example,

alginate hydrogels are physically crosslinked using divalent cations, such as calcium,

which bind to guluronic residues in adjacent alginate chains via electrostatic interactions

between opposite charges (Cui et al., 2020; Hu et al., 2021; Wan et al., 2008).

Chemical crosslinking is a result of covalent bonding of chemically reactive functional

groups. Reaction mechanisms for the covalent bonding include free radical polymeriza-

tion, click chemistry, thiol-ene chemistry, Schiff´s-base reactions and enzymatic cross-

linking reactions. (Cui et al., 2020) A form of chemical crosslinking is photocrosslinking,

which includes reaction mechanisms that are based on the absorption of light energy to

initiate chemical reactions leading to the formation of covalent bonds between the reac-

tive functional groups (Zennifer et al., 2022). Next, the chemical crosslinking approaches,

photocrosslinking and click chemistry, are introduced in more detail as they are the main

crosslinking approaches utilized in the bioinks of this thesis.

6.2.1 Photocrosslinking
Photocrosslinking is one of the most commonly used crosslinking approaches in 3D bi-

oprinting since it enables the spatiotemporal control of crosslinking reactions with light

(Zennifer et al., 2022). Light is considered a good external control method to manipulate

the properties of hydrogels since the exposed area, light intensity and wavelength can

be chosen and also duration of exposure can be easily controlled by simply turning the

light on and off (Choi et al., 2019; Zennifer et al., 2022). Photocrosslinkable bioinks con-

tain photoinitiators and pre-polymers in addition to cells (Choi et al., 2019). Photoinitia-

tors are molecules that upon exposure to UV or visible light produce reactive species
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that trigger a polymerization process where the pre-polymers are polymerized, i.e. cross-

linked (Choi et al., 2019; Schwab et al., 2020). Two common photoinitiators used in 3D

bioprinting are Irgacure 2959 and lithium phenyl-2,4,6-trimethylbenzoylphosphinate

(LAP) (Lim et al., 2020). Photocrosslinking of bioinks in extrusion-based bioprinting is

performed after the deposition of each layer or after printing the entire structure (Schwab

et al., 2020).

Photocrosslinking reaction mechanisms used in bioprinting include free radical polymer-

ization, thiol−ene photocrosslinking, and photomediated redox crosslinking (Choi et al.,

2019; Lim et al., 2020; Zennifer et al., 2022). From these, free radical polymerization is

currently the most common reaction mechanism utilized to fabricate chemically cross-

linked hydrogels (Cui et al., 2020; Zennifer et al., 2022). Therefore, free radical polymer-

ization is explained next in more detail.

Free radical polymerization, or chain-growth polymerization is generally composed of

three different stages which are initiation, propagation, and termination (Zennifer et al.,

2022). In the first step, initiation, light exposure causes light-induced cleavage of the

photoinitiator creating free radicals. The generated free radicals react with specific func-

tional groups of the pre-polymer, such as methacrylate and acrylate, forming new cova-

lent bonds and reactive radical intermediates. Next, in propagation, these reactive radical

intermediates react with subsequent functional groups leading to chain growth. (Lim et

al., 2020) Finally, in termination, the propagation is ended with one of the following mech-

anisms: 1) radical coupling where two chain ends are combined to form one continuous

chain, 2) disproportionation where two chain ends terminate to form a chain with a satu-

rated terminal group and a chain with a nonsaturated terminal group, or 3) by using a

chain transfer agent to transfer the radical intermediate away from the propagating chain

(Lim et al., 2020; Zennifer et al., 2022). This mechanism of free radical polymerization is

presented in Figure 6A. Photocrosslinkable hydrogels GelMA and HAMA, which have

been extensively explored in the biomedical field and utilized in bioinks, are generally

photocrosslinked using free radical polymerization of methacrylate groups (Choi et al.,

2019; Lim et al., 2020). HAMA is the photocrosslinkable polymer used for the bioink of

this thesis, and the free radical polymerization of HAMA is illustrated in Figure 6B.



31

Mechanism of free radical polymerization (A) and free radical polymerization
of HAMA (B). Modified from Zennifer et al. (2022) and Zhou et al. (2016). Created with
BioRender.com.

Important considerations for photocrosslinking include assessing the effect of light on

cells and crosslinking efficiency in the bioink (Knowlton et al., 2017). These depend on

the chosen photoinitiator, its concentration, light intensity, exposure time and wavelength

as well as the degree of reactive functional groups in polymers (Lim et al., 2020; Zennifer

et al., 2022).

The absorption peak of the chosen photoinitiator determines the wavelength of light that

must be applied to the bioink for successful crosslinking (Knowlton et al., 2017). How-

ever, the wavelength has an impact on cell viability as shorter wavelengths decrease cell

viability (Knowlton et al., 2017; Zennifer et al., 2022). Wavelengths in the UV range of

320 – 400 nm can damage the nuclear DNA of cells which may contribute to genomic

mutations and carcinogenesis in the cell. However, even more damaging are wave-

lengths in the UV range of 290 – 320 nm which can induce apoptosis. (Knowlton et al.,

2017) Therefore, the use of visible light (400 – 700 nm) for photocrosslinking of bioinks

has been researched (Knowlton et al., 2017; Zennifer et al., 2022). If UV light is used, a

wavelength of 365 nm is often chosen to minimize genotoxicity and cytotoxicity, since it

is closer to the visible light range (Lim et al., 2020). Also, a longer exposure time, in-

creased photoinitiator concentration and light intensity reduce the viability of the cells in

the bioprinted structure (Lim et al., 2020; Zennifer et al., 2022). In these cases it has

been suggested that the radicals generated from the cleavage of the photoinitiator would

be responsible for the reported cytotoxicity. Bioinks can be photocrosslinked generally

with UV light if the total light dosage is minimized. Nevertheless, as the cytotoxic impact
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of radicals can significantly affect cell behavior, it is important to wash bioprinted struc-

tures containing cells after light exposure whenever possible to remove any potentially

harmful radicals. (Lim et al., 2020)

Regarding mechanical properties, polymer crosslink density can be tuned in free-radical

polymerization by changing photoinitiator concentration, light intensity, and the degree

of reactive functional groups in polymers. In general, a higher degree of crosslinking

within polymer networks leads to improved mechanical properties. (Lim et al., 2020) In

addition to cell viability, the wavelength of the light affects the optical penetration depth

in the bioprinted structure. UV light has decreased optical penetration depth when com-

pared to visible light, which can result in poorly crosslinked areas in interior regions of

the bioprinted structures. (Zennifer et al., 2022)

6.2.2 Click chemistry
Click chemistry based hydrogels are formed spontaneously upon mixing two or more

reactive compounds (Mueller et al., 2022). The major advantage of click chemistry is that

the reaction is bio-orthogonal meaning the reaction can happen in a biological environ-

ment without having an effect on biomolecules or interfering with biochemical processes

(Bird et al., 2021; Jiang et al., 2014). Therefore, click-chemistry can be used to encap-

sulate cells in bioinks since the reaction does not interfere with the cells. Other ad-

vantages of click chemistry include high reactivity, superb selectivity, mild reaction con-

ditions (Jiang et al., 2014), and the possibility to adjust gelation and degradation rate with

the choice of reactive components (Mueller et al., 2022).

There are various click reactions, the most common being the copper(I)-catalyzed azide-

alkyne click reaction (Cui et al., 2020; Jiang et al., 2014). This click reaction is bio-or-

thogonal, but the copper catalyst is potentially cytotoxic (Jiang et al., 2014), and therefore

limits its use in 3D bioprinting. Instead, hydrazone crosslinking, where aldehyde and hy-

drazide groups react to form a hydrazone bond (Koivusalo et al., 2019; Nie et al., 2023)

has shown great potential for bioink crosslinking (Mörö et al., 2022). The reaction has no

toxic reagents or side products in addition to having high reactivity and simple reaction

conditions (Jiang et al., 2014; Koivusalo et al., 2019). Hydrazone crosslinking belongs to

the group of pseudo-click reactions, meaning that the reaction has moderate orthogonal-

ity (Jiang et al., 2014; Koivusalo et al., 2019).  Hydrazone crosslinked HA has been used

in bioinks for extrusion-based bioprinting (Mörö et al., 2022; Wang et al., 2018). Addi-

tionally, hydrazone crosslinking has been utilized for injectable gellan gum-hyaluronan-

hydrogels (Karvinen et al., 2017).
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6.3 Characterization of Bioinks

Bioink characterization is needed for studying the multiple requirements set for bioinks

including printability, cytocompatibility, suitable mechanical properties, suitable degrada-

tion kinetics and safe degradation byproducts (Karvinen and Kellomäki, 2023). Next,

some key aspects that need to be considered in pre- and post-printing characterization

will be introduced for extrusion-based bioprinting (Figure 7).

Key aspects to be considered in bioink characterization (Deo et al., 2020; Karv-
inen and Kellomäki, 2023; Schwab et al., 2020). Created with BioRender.com.

In extrusion-based bioprinting, printability generally refers to suitable extrudability, fila-

ment formation and shape fidelity (Karvinen and Kellomäki, 2023; Schwab et al., 2020).

The printability of bioinks mainly depends on their rheological properties and thus the

rheological properties during extrusion, recovery and self-supporting stages should be

characterized for successful 3D bioprinting (Ding et al., 2023). Pre-printing characteriza-

tion of printability consists of assessing the key rheological properties of the bioink in-

cluding viscosity, shear-thinning properties, viscoelasticity, yield stress, and elastic re-

covery to predict extrudability, filament formation and shape fidelity (Schwab et al.,

2020).

Viscosity of bioinks is characterized pre-printing as viscosity along with nozzle diameter

and printing pressure influences the shear stress acting on cells in the nozzle during

extrusion. Viscosity describes how much fluid resists flow under a stress, and in 3D bi-

oprinting viscosity characterizes the ability of the bioink to flow through the nozzle onto

the printing surface. High viscosity bioinks have reduced flow ensuring that the printed

structure holds its shape better after printing. However, high viscosity bioinks require

higher pressure to flow leading to increased shear stresses which are harmful for cells.

In hydrogel-based bioinks, viscosity depends on the concentration, molecular weight,
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and degree of branching of the polymer as well as addition of rheological modifiers and

temperature. Bioinks with high viscosity can be obtained by increasing the concentration,

molecular weight, and degree of branching of the polymer. (Karvinen and Kellomäki,

2023)

An important concept related to viscosity is shear-thinning. With a shear-thinning mate-

rial, viscosity decreases when shear rate increases (Karvinen and Kellomäki, 2023). This

is especially important for extrusion-based bioprinting since shear-thinning characteris-

tics of a bioink allow the bioink to flow through the nozzle due to the decrease in viscosity

as shear rate increases during extrusion and, once exiting the nozzle, allows the bioink

to immediately recover and solidify to provide shape fidelity since as the shear rate drops

viscosity increases after extrusion (Cui et al., 2020; Karvinen and Kellomäki, 2023;

Schwab et al., 2020). Shear rate sweeps can be used to study the viscosity of bioinks

and to determine whether the bioink is shear-thinning (Karvinen and Kellomäki, 2023).

To mimic bioinks going through a needle, shear rate sweeps often use a range of shear

rates from low to high (Deo et al., 2020; Karvinen and Kellomäki, 2023).

Bioinks used for extrusion-based bioprinting need to have flow properties during extru-

sion of the bioink through the nozzle as well as elastic shape retention properties after

exiting the nozzle. This combination of viscous flow and elastic shape retention is called

viscoelasticity and is described using the storage and loss modulus. (Schwab et al.,

2020) The storage modulus depicts the amount of energy elastically stored within the

bioink during deformation and therefore related to the elastic shape retention whereas

the loss modulus depicts the amount of energy dissipated by the bioink and therefore

associated with viscous flow (Deo et al., 2020; Schwab et al., 2020). Viscoelasticity pro-

tects cells from shear stress during extrusion and an inadequate storage modulus can

lead to the collapse of printed structures (Karvinen and Kellomäki, 2023). Viscoelastic

properties of bioinks can be determined with oscillatory rheology. Based on the ratio

between the loss and storage modulus, the damping factor (tan(δ)) can be utilized to

identify a suitable balance between flow and shape retention. (Karvinen and Kellomäki,

2023; Schwab et al., 2020)

In addition to the storage modulus, shape retention of the bioink can be characterized by

studying yield stress (Schwab et al., 2020). Yield stress is the minimum stress that has

to be applied on the material for it to flow. If a stress above this is applied, polymer net-

work interactions are interrupted allowing the material to flow. (Deo et al., 2020) There-

fore, yield stress depicts the force needed to start bioink extrusion (Karvinen and Kel-

lomäki, 2023). Additionally, increased yield stress mostly improves filament formation

and stiffness of the printed structure (Schwab et al., 2020). Rheology can be used to
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study yield stress for example by determining shear stress at the crossover point of stor-

age and loss modulus in oscillatory measurements (Karvinen and Kellomäki, 2023). Fi-

nally, elastic recovery, the time dependent response of the bioink after shear induced

deformation, can also be studied by performing recovery tests to analyze the ability of

the bioink to restore its elastic properties when exposed to alternating high and low shear

stress (Schwab et al., 2020).

When a continuous filament can be extruded, post-printing characterization can be done.

This includes the evaluation of shape fidelity of printed filaments and structures (Schwab

et al., 2020). High shape fidelity of the bioprinted constructs should be maintained over

the desired time period, for example over the period needed for cell culture. Shape fidelity

of printed structures can be characterized in several ways. Quantitatively shape fidelity

can be evaluated post-printing for example by assessing the homogeneity of single fila-

ments by measuring fiber diameter in different parts of the extruded filament and com-

paring the measured values. (Karvinen and Kellomäki, 2023) Another way to evaluate

shape fidelity is evaluating the shape of the pores in printed grid structures designed with

square shape pores. By measuring the perimeter and area of the pore, the pore factor

can be calculated with the following equation

𝑃𝑜𝑟𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 = 𝐿2

16𝐴
, (1)

where L is the perimeter of the pore and A the pore area. The pore factor describes how

close the printed pores are to a square shape. (Ouyang et al., 2016; Soltan et al., 2019)

A perfectly square pore has a pore factor of 1, and thus matches the design exactly, has

proper gelation as well as precise material deposition (Karvinen and Kellomäki, 2023;

Soltan et al., 2019). Instead, a pore factor below 1 indicates a more circular shape of the

pore and under gelation of the bioink (Soltan et al., 2019). In contrast, a pore factor over

1 indicates over gelation of the bioink and leads to poorly constructed pores with cracks

and ridges (Karvinen and Kellomäki, 2023). According to Ouyang et al. (2016) the pore

factor should be in the range of 0.9 – 1.1. Other approaches to analyze shape fidelity of

printed structures include evaluating filament merging in the intersection of two filaments

and analyzing the height of the structure in multilayered constructs (Schwab et al., 2020).

It is also important to characterize the mechanical properties of printed constructs (Karv-

inen and Kellomäki, 2023). Ultimately, it would be desirable that the mechanical proper-

ties of the printed structure would match the ones of native tissue to provide mechanical

stability once implanted (Deo et al., 2020). In addition to suitable stiffness ensuring that

the printed construct can support itself, stiffness influences cell behavior. The mechani-
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cal properties of bioprinted structures can be characterized using compression and ten-

sile tests to determine the ability of the bioink to withstand deformation. It is important to

take into account that the mechanical properties of bioprinted structures may be different

from casted hydrogels since bioprinted structures may contain voids and during bioprint-

ing polymer chains may align. (Karvinen and Kellomäki, 2023)

Another important aspect to be characterized post-printing is the swelling and degrada-

tion of the bioprinted structures. Swelling occurs once the bioprinted structure is either

cultured in cell culture media or implanted in vivo. (Karvinen and Kellomäki, 2023) The

mechanical properties of the bioprinted structure can be influenced by the swelling since

as the amount of fluid increases in the bioprinted structure the distance between cross-

links can increase leading to a decrease in the crosslinking density which affects the

mechanical properties of the printed structure. Still, swelling can be also beneficial since

it enables the diffusion of cellular waste products and possible entrapped therapeutics.

(Deo et al., 2020; Karvinen and Kellomäki, 2023) Moreover, as bioprinted structures

should remain stable both in vitro and in vivo to give support to cells until they have

produced their own ECM, hydrogels with suitable degradation rates must be chosen

(Karvinen and Kellomäki, 2023). The swelling behavior of hydrogels can be analyzed by

calculating the swelling ratio during incubation (Jongprasitkul et al., 2022; Koivusalo et

al., 2019). Similarly, swelling, and subsequent degradation can be analyzed by calculat-

ing the remaining weight percentage at each timepoint with the following equation

𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑤𝑒𝑖𝑔ℎ𝑡 % = 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡

× 100, (2)

(Mörö et al., 2022).

One of the most essential parts of bioink characterization is the evaluation of cytocom-

patibility of the bioink (Deo et al., 2020). Crosslinking density and molecular weight of

polymers in the bioink are critical factors influencing cell behavior. As an example, lower

crosslinking density allows nutrient and waste diffusion which aids cell proliferation, mi-

gration, and tissue formation. (Karvinen and Kellomäki, 2023) Also, it is important to un-

derstand the bioink-cell interactions to know how the cells can be stimulated by the bioink

and how degradation byproducts effect the cells (Deo et al., 2020). Moreover, the effect

of shear forces, printing pressure and polymer crosslinking agents on cells should be

evaluated (Deo et al., 2020; Karvinen and Kellomäki, 2023). For this, different types of

cytotoxicity/viability assays can be performed such as the Live/Dead assay. However,

these methods usually concentrate on cell viability and do not consider other cellular

processes such as differentiation and secretion of proteins. (Deo et al., 2020) Therefore,

alongside cell viability, cell proliferation, differentiation and adhesion should be studied
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(Karvinen and Kellomäki, 2023). For example, PrestoBlue™ analysis can be used to

quantitatively measure the proliferation of cells, and immunofluorescence (IF) staining

can be used to study differentiation, proliferation (e.g., proliferation marker Ki67), and

adhesion (e.g., vinculin staining to monitor focal adhesion points) (Deo et al., 2020; Mörö

et al., 2022; PrestoBlueTM, 2023; Sorkio et al., 2018).
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7. 3D BIOPRINTING OF CORNEA

As discussed, 3D bioprinting can overcome limitations of conventional TE fabrication

techniques by allowing the automated fabrication of complex 3D constructs with multiple

cell types and biomaterials (Cui et al., 2020). Therefore, 3D bioprinting enables the cre-

ation of cornea mimicking structures with the several cell types, multiple layers, curved

corneal geometry and mechanical properties of the cornea (Zhang et al., 2019b). Also,

since corneal tissue is avascular, the major limitation of bioprinting, vascularization of the

bioprinted constructs, is bypassed (Balters and Reichl, 2023). Moreover, as an immune-

privileged tissue, rejection and inflammatory responses are less likely in the cornea than

in other tissues (Fuest et al., 2020, p. 3). Thus, the corneal tissue is an attractive appli-

cation area for 3D bioprinting, and bioprinted cornea mimicking structures have the po-

tential to overcome the shortage of donor corneas (Balters and Reichl, 2023; Barrientez

et al., 2019). The research conducted on 3D bioprinting of cornea to date is summarized

in Table 1.

Summary of research articles on 3D bioprinting of cornea

3D bioprint-
ing approach

Main bioink com-
ponents

Cell type Cell density
(cell/ml)

Epithelial layer

Wu et al. 2016 Extrusion Rat Col I, Alginate,
Gelatin

human corneal
epithelial cells

1x106

Zhong et al.
2021

DLP GelMA or Hyalu-
ronic acid glycidyl
methacrylate
(HAGM)

rabbit LSCs or hu-
man LSCs

10 – 20x106

Stromal layer

Isaacson et al.
2018

Extrusion
(FRESH)

Alginate, Methacry-
lated Col I

hCSKs 2x106

Duarte Campos
et al. 2019

DoD bioprint-
ing

Bovine Col I, Aga-
rose

hCSKs 1x106

Kim et al. 2019a Extrusion Cornea-derived de-
cellularized ECM

hTMSCs 5x106

Mahdavi et al.
2020a

SLA GelMA hCSCs 8x106

Kilic Bektas and
Hasirci 2020

Extrusion GelMA hCSKs 1x106

Kutlehria et al.
2020

Extrusion Alginate, Gelatin,
Bovine Col I

hCSKs 3x106
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Many different 3D bioprinting approaches have been used to 3D bioprint cornea mimick-

ing structures (Table 1). The most common approach is extrusion-based-bioprinting

which has been utilized for the epithelial (Wu et al., 2016), stromal (Boix-Lemonche et

al., 2023; Isaacson et al., 2018; Kilic Bektas and Hasirci, 2020; Kim et al., 2019a;

Kutlehria et al., 2020; Mörö et al., 2022; Song et al., 2022) and endothelial layer (Kim et

al., 2018). The epithelial layer has also been bioprinted using DLP (He et al., 2022; Zhong

et al., 2021) and LaBP (Sorkio et al., 2018) whereas stromal structures have been printed

using DoD bioprinting (Duarte Campos et al., 2019), SLA (Mahdavi et al., 2020a), LaBP

(Sorkio et al., 2018) and DLP (He et al., 2022; Zhang et al., 2023).

 Song et al.
2022

Extrusion Bovine Col I hCSCs 0.2x106

Mörö et al. 2022 Extrusion Col I, HA, HA-ALD
and HA-CDH or
HA-DA-CDH

hASCs or hASC-
CSKs

1.1x106

Boix-Lemonche
et al. 2023

Extrusion Nanocellulose, Algi-
nate, Human Col I

hBM-MSCs, hCS-
MSCs or hASCs

1.5x106

Zhang et al.
2023

DLP GelMA, Cornea-de-
rived decellularized
ECM

human corneal fi-
broblasts

0.1x106

Endothelial layer

Kim et al. 2018 Extrusion Gelatin human corneal
endothelial cells

3x106

Epithelial and stromal layer

Sorkio et al.
2018

LaBP Epithelium:
LN521, HA
Stroma:
Human Col I with
plasma and throm-
bin

Epithelium:
hESC-LSC
Stroma:
hASCs

30x106

He et al. 2022 DLP GelMA, PEGDA Epithelium:
rabbit corneal epi-
thelial cells
Stroma:
rabbit ASCs

1x106

Layer not specified

Zhang et al.
2019a

Extrusion Alginate, Gelatin human corneal
epithelial cells

2x106

Kim et al. 2019b Extrusion Cornea-derived de-
cellularized ECM

hTMSCs 1x106

Peng et al. 2022 Extrusion Alginate, Gelatin human corneal fi-
broblast

0.4x106
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Various biomaterials have been used in bioinks for the 3D bioprinting of cornea mimick-

ing structures. These biomaterials used in bioinks are mainly hydrogels since they pro-

vide a suitable environment for cells to thrive as discussed in Chapter 6.1. In most cases

multiple biomaterials have been combined for the bioink to acquire the desired properties

(Table 1). Col I is used as a component in many corneal bioinks (Boix-Lemonche et al.,

2023; Duarte Campos et al., 2019; Kutlehria et al., 2020; Mörö et al., 2022; Song et al.,

2022; Sorkio et al., 2018; Wu et al., 2016) as it is the major structural protein of the

corneal stroma (Espana and Birk, 2020; Meek and Knupp, 2015) and due to its many

advantages discussed in Chapter 6.1 including the presence of cell binding motifs

(Balters and Reichl, 2023). Another common corneal bioink component is alginate (Boix-

Lemonche et al., 2023; Isaacson et al., 2018; Kutlehria et al., 2020; Peng et al., 2022;

Wu et al., 2016; Zhang et al., 2019a) due to being inexpensive, biocompatible and nonim-

munogenic (Balters and Reichl, 2023). Also, gelatin has been widely used in corneal

bioinks (Kim et al., 2018; Kutlehria et al., 2020; Peng et al., 2022; Wu et al., 2016; Zhang

et al., 2019a) due to having similar properties as collagen but gelating more easily (Chap-

ter 6.1) (Balters and Reichl, 2023). Moreover, the chemically modified form of gelatin,

GelMA has been used (He et al., 2022; Kilic Bektas and Hasirci, 2020; Mahdavi et al.,

2020a; Zhang et al., 2023; Zhong et al., 2021) since it can be easily photocrosslinked to

increase mechanical stability (Balters and Reichl, 2023) and is required for SLA and DLP

as these bioprinting approaches are based on photopolymerization (Li et al., 2023).

Other biomaterials used as bioink components for corneal bioinks include methacrylated

Col I (Isaacson et al., 2018), PEGDA (He et al., 2022), agarose (Duarte Campos et al.,

2019), cornea-derived decellularized ECM (Kim et al., 2019a, 2019b; Zhang et al., 2023),

nanocellulose (Boix-Lemonche et al., 2023), laminin (Sorkio et al., 2018) and HA (Mörö

et al., 2022; Sorkio et al., 2018; Zhong et al., 2021).

As the cellular component for the bioink multiple different cell types have been used from

both human and animal origin. For the epithelial layer human corneal epithelial cells (Wu

et al., 2016), rabbit corneal epithelial cells (He et al., 2022), primary rabbit LSCs, primary

human LSCs (Zhong et al., 2021) and human ESC -derived LSCs (hESC-LSCs) have

been used. Most bioinks for the stromal layer have utilized either hCSKs (Duarte Campos

et al., 2019; Isaacson et al., 2018; Kilic Bektas and Hasirci, 2020; Kutlehria et al., 2020)

or hCSCs (Mahdavi et al., 2020a; Song et al., 2022). Also, human corneal fibroblasts

have been used (Peng et al., 2022; Zhang et al., 2023). Stems cells used for the stromal

layer are human bone marrow-derived MSCs (hBM-MSCs) (Boix-Lemonche et al.,

2023), human corneal stroma-derived MSCs (hCS-MSCs) (Boix-Lemonche et al., 2023),

hASCs (Boix-Lemonche et al., 2023; Mörö et al., 2022; Sorkio et al., 2018), hASC-CSKs
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(Mörö et al., 2022), rabbit adipose tissue -derived stem cells (rabbit ASCs) (He et al.,

2022) and human turbinate derived MSCs (hTMSCs) (Kim et al., 2019a, 2019b). For the

endothelial layer, primary human corneal endothelial cells (Kim et al., 2018) have been

used.

All studies published regarding 3D bioprinting of corneal structures (Table 1) have re-

ported high cell viability after printing, but cell morphology differs between publications.

In the stroma of the human cornea, hCSKs have dendritic cell morphology with long and

branching cellular processes (Yam et al., 2020). Therefore, it would be important for

hCSKs to have similar morphology in bioprinted stromal structures. Dendritic cell mor-

phology of hCSKs (Duarte Campos et al., 2019), hASC-CSKs (Mörö et al., 2022), hCSCs

(Song et al., 2022) as well as elongated morphology of hCSCs (Mahdavi et al., 2020a),

hASCs (Mörö et al., 2022; Sorkio et al., 2018) and human corneal fibroblasts (Zhang et

al., 2023) has been reported after bioprinting. However, some studies have reported

rounded morphology of hCSKs (Kilic Bektas and Hasirci, 2020; Kutlehria et al., 2020).

These studies attributed the rounded morphology to dense crosslinking and overall stiff-

ness of the structures limiting the mobility of the cells and preventing cell interactions as

well as elongation (Kilic Bektas and Hasirci, 2020; Kutlehria et al., 2020).

Symmetric curvature of the cornea is essential for optimal refractive power (Sridhar,

2018, p. 192). In addition, curved corneal geometry is known to influence hCSC migration

and collagen alignment as well as to support the growth, stratification, and differentiation

of human corneal epithelial cells in vitro (Gouveia et al., 2017; Isaacson et al., 2018).

Therefore, several studies have attempted to recreate this curved corneal geometry. The

curved dome-like structure has been created by printing concentric circles (Isaacson et

al., 2018; Kutlehria et al., 2020; Zhang et al., 2019a), concentric annuluses (He et al.,

2022; Mahdavi et al., 2020a) or a spiral (Song et al., 2022). Many studies have used

external support structures as substrates to enable the printing of a curved dome-like

cornea (Isaacson et al., 2018; Kutlehria et al., 2020; Song et al., 2022; Zhang et al.,

2019a). Isaacson et al.  (2018) used extrusion-based bioprinting and a concave support

structure in combination with the FRESH -method to maintain the printed shape of cor-

neal stromal structures. Also, Kutlehria et al. (2020) used a substrate with 6 concave

wells to maintain the dimensions of the printed corneal stromal structures during extru-

sion-based bioprinting. Similarly, Song et al. (2022) used a concave substrate during

extrusion-based bioprinting to print corneal stroma mimicking structures. Instead, Zhang

et al. (2019a) used a convex support structure during extrusion-based bioprinting of cor-

nea. Moreover, Mahdavi et al. (2020a) used SLA and a sacrificial layer of gelatin to cre-

ate the curved geometry of the corneal stroma. After photocrosslinking of each layer,
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uncrosslinked bioink was removed and the sacrificial gelatin was added into the hollow

part of the structure (Mahdavi et al., 2020a).  However, some studies have been pub-

lished where no external support structures were needed to create the curved geometry.

Duarte Campos et al. (2019) used DoD bioprinting to print corneal stromal structures and

He et al. (2022) used DLP to print corneal structures with epithelium and stroma without

the need for external support structures.

As discussed in Chapter 2.1, the cornea is composed of three cellular layers which are

the epithelium, stroma, and endothelium. 3D bioprinting has been studied for fabricating

all these layers, however, most studies focus on the fabrication of only one layer. A few

studies have reported combining the epithelial and stromal layers (He et al., 2022; Sorkio

et al., 2018). He et al. (2022) used DLP to print dome-shaped corneal structures with

epithelial and stromal layers. Rabbit corneal epithelial cells were used for the epithelial

layer whereas rabbit ASCs were used for the stromal layer. In both layers, blended

GelMA and PEGDA were used as bioink components with LAP as photoinitiator. The 3D

bioprinted corneal structure was assessed in vivo in a rabbit ALK model. During the im-

plantation process, the corneal structure could be handled without collapse. Over the

observation period of 28 days, the implanted corneal structure remained in place and

transparent, and had no clear inflammation or neovascularization. Additionally, no visible

scar was observed, and successful re-epithelialization and stromal regeneration oc-

curred. Moreover, based on the gene expressions of the CSK specific markers, kerato-

can and ALDH 3A1, as well as lumican expression detected by IF staining, the rabbit

ASCs of the stromal layer were able to differentiate into CSKs. (He et al., 2022) Instead,

Sorkio et al. (2018) used a human recombinant laminin 521 (LN521) -based bioink con-

taining hESC-LSCs for the epithelial layer and a human Col I -based bioink containing

hASCs for the stromal layer. Using LaBP and a Matrigel™ absorption layer, 3D stromal

structures were first printed from the hASC containing human Col I -based bioink follow-

ing which multiple layers of hESC-LSC containing LN521 -based bioink was printed on

top of the stromal structure. To prevent shrinkage during culture, non-transparent Matri-

derm® supportive sheets had to be used. Without the supportive sheet, when printed on

a transparent substrate, the 3D corneal structures had moderate transparency. Addition-

ally, the hESC-LSCs formed a stratified epithelium with four to six cell layers after 3 days

of culture. (Sorkio et al., 2018) However, Sorkio et al. (2018) stated that the co-culture

conditions of the two cell types should be developed further to enable longer culture

periods in vitro.
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8. AIM OF THE THESIS

The lack of donor corneas needed for corneal transplantation (Gain et al., 2016) and the

several drawbacks of keratoprostheses (Zhang et al., 2019b), have driven the research

of 3D bioprinting of corneal structures. To enable the creation of corneal tissue and its

multiple layers, different cell types must be co-cultured after 3D bioprinting of the struc-

ture. hPSC-LSCs have great potential as the cell source for the epithelial layer (Hongisto

et al., 2017; Mikhailova et al., 2014), however, they require a complex medium during

cell culture. Their LSC medium (CnT-07, CELLnTEC) contains various undisclosed com-

ponents (CELLnTEC, 2023), and previously 3D bioprinted structures from HA-DA stro-

mal bioink have not maintained their structural stability when cultured in this medium.

This thesis aimed to enhance the stiffness and stability of this HA-DA stromal bioink in

the LSC medium co-culture condition to enable the co-culture of 3D bioprinted cornea

mimicking structures with stroma and epithelium. For this, photocrosslinking was chosen

as the additional crosslinking approach as it is one of the most common ways of cross-

linking bioinks. The HA-DA stromal bioink composition was modified by adding a HAMA

component to achieve a photocrosslinkable HA-DA HAMA stromal bioink. Thus, the hy-

pothesis of this thesis was that by adding the photocrosslinkable component, HAMA, to

the existing HA-DA stromal bioink, the structural stability of bioprinted stromal structures

could be enhanced in the co-culture condition. The main objectives of this thesis were

as follows:

1) To optimize the HA-DA HAMA stromal bioink composition.

2) To study the effect of the HAMA component in the bioink by comparing the HA-

DA and HA-DA HAMA stromal bioinks.

3) To study and compare the effect of LSC medium, and to determine whether the

stiffness and stability of the HA-DA HAMA stromal bioink had improved in the

medium.

4) To 3D bioprint cornea mimicking structures with stroma and epithelium.
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9. MATERIALS AND METHODS

In this chapter, the materials and methods applied in the experimental part of the thesis

are described.  First, the HA-DA stromal bioink composition was modified by adding a

HAMA component to achieve a photocrosslinkable HA-DA HAMA stromal bioink. A suit-

able HA-DA HAMA stromal bioink composition was determined for the LSC medium co-

culture condition. Following this, the developed HA-DA HAMA stromal bioink was com-

pared to the original HA-DA stromal bioink by characterizing the bioinks and bioprinted

stromal structures after incubation in LSC medium or phosphate buffered saline (PBS).

Briefly, printability, shape fidelity, viscosity, swelling behavior, handling, mechanical

properties, and transparency were compared. After this, the cytocompatibility of both bi-

oinks with hASC-CSKs was assessed and compared. Finally, based on the comparison

of the HA-DA and HA-DA HAMA stromal bioink, cornea mimicking structures with stroma

and epithelium were bioprinted using a different HA-DA stromal bioink for the stroma and

a HA-DA bioink specific for the epithelium. Also, two different co-culture conditions were

tested. The workflow of the experimental part of this thesis is presented in Figure 8.

The workflow of the experimental part of this thesis. Created with BioRen-
der.com
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9.1 Crosslinking components for bioinks

HA-aldehyde (HA-ALD) and HA with dopamine and carbodihydrazide modification (HA-

DA-CDH) were used as crosslinking components in bioinks of this thesis. HA-ALD was

synthesized as previously described by Wang et al. (2013) and HA-DA-CDH synthesis

was conducted as reported by Koivusalo et al. (2019). After synthesis and lyophilization,

the components were stored at -20 °C before use. At the beginning of bioink preparation,

both crosslinking components were dissolved into 10, 12, 13, 14 or 16 mg/ml concentra-

tion in 1X Dulbecco’s Phosphate Buffered Saline (PBS, Euroclone S.p.A).

For the HA-DA HAMA stromal bioink, HAMA (PhotoHA®, CELLINK) was used as an

additional crosslinking component. Stock solutions of 3% and 4% HAMA were prepared

by dissolving the polymer in 1X PBS with 0.25% LAP (CELLINK) at 4 °C overnight. The

dissolved HAMA solutions were stored at 4 °C.

9.2 Preparation of bioinks

The HA-DA stromal bioink was composed of the following components. HA-ALD and HA-

DA-CDH were used as crosslinking components and were dissolved before bioink prep-

aration as described in Chapter 9.1. Primary rheological modifier unmodified sodium hy-

aluronate (unmodified HA, Novamatrix) was dissolved in sterile 5X PBS with 0.4 M NaCl

at a concentration of 1% (w/v). As an additional rheological modifier and to increase

cytocompatibility, OptiCol™ Human Collagen Type I 3 mg/ml (Cell Guidance Systems

Ltd) was used. Additionally, the bioink contained a 1X PBS component. Right before

bioink mixing, the Human Collagen Type I was neutralized to a pH of 7.4 with 1 M NaOH

in the presence of 10X Dulbecco’s phosphate buffered saline (Euroclone S.p.A). The

components were mixed together with a dual syringe system where a female-female

Luer lock combined two syringes. After mixing with the dual syringe system for 30 s, the

bioink was transferred into a 30 cc barrel (Nordson EFD) with the cartridge piston. With

bioinks without cells, the bioinks were crosslinked for 20 minutes at room temperature

(RT) before printing.

The HA-DA HAMA stromal bioink was prepared similarly, but the primary rheological

modifier, unmodified HA, was replaced partially or fully with 3% or 4% HAMA. This will

be described in detail in Chapter 9.4.

For cornea mimicking structures with stroma and epithelium, the HA-DA stromal bioink

described above was used with crosslinking components HA-ALD and HA-DA-CDH dis-

solved into 16 mg/ml concentration. For the epithelial layer of the structure, a HA-DA



46

bioink specific for the epithelium was used. The composition of this bioink and prepara-

tion are described in the Confidential supplement.

9.3 3D bioprinting setup and printing procedure

The extrusion-based 3D bioprinter 3D-Bioplotter® Manufacturer Series by EnvisionTEC

(Gladbeck) was used. After crosslinking the bioink, the barrel with bioink was loaded into

the low temperature printhead of the 3D bioprinter and the temperature of the printhead

was set at 20 °C. The UV curing head of the bioprinter was used to crosslink the HA-DA

HAMA structures with following parameters: wavelength 365 nm, height from last layer

32.1 mm and UV beam brightness 60 mW/cm2. When printing HA-DA and HA-DA HAMA

stromal bioinks, blunt 27 G needles with an inner diameter of 200 µm (0.50 inches, CEL-

LINK) were used and the needle height at first layer was set at 160 µm. Printing was

performed at RT on 35 mm petri dishes (TC-treated, Corning®). Instead, for the HA-DA

bioink specific for the epithelium, the needle diameter used is described in the Confiden-

tial supplement and printing was performed on printed cylindrical stromal structures. The

printing of cornea mimicking structures with stroma and epithelium is explained in detail

in Chapter 9.8.

The 3D models used were designed in STL format with Perfactory RP software and

sliced with interval which was 80% of the inner diameter of the needle. The inner struc-

tures of the printed layers and UV programs were created in Visual machine software

(EnvisionTEC, Gladbeck). The dimensions, 3D models and inner structures of the grids

and cylindrical structures used in this thesis are summarized in Table 2. The printed grid

and cylindrical structures were stabilized for 30 and 60 minutes respectively at 37 °C with

5% CO2 in a humid environment which was created by pipetting 1X PBS or cell culture

medium to the edges of the culture dish. After stabilization, 2 – 3 ml of cell culture medium

or 1 X PBS was added to cover the printed structure and the structures were left to

incubate at 37 °C with 5% CO2.
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Summary of dimensions and inner structures of 3D bioprinted grid and cylindrical
structures of this thesis

Structure Grid structure for

HA-DA HAMA
stromal bioink

optimization

Grid structure for

printability and
shape fidelity as-

sessment

Cylindrical struc-

ture to mimic cor-
neal stroma

Cylindrical struc-

ture to mimic cor-
neal epithelium

Dimensions 15 mm x 15 mm 12.5 mm x 12.5 mm Ø 12 mm Ø 12 mm

3D model Box Box Cylinder Cylinder

Slicing interval 160 µm 160 µm 160 µm Found in Confiden-

tial supplement

Layer count 6 4 4 2

Inner structure Grid Grid Grid Grid

Distance between

strands

2.5 mm 2.5 mm 0.4 mm 0.4 mm

Contour count 1 1 1 – 2* 1

Distance from con-

tour

0.1 0.16 mm 0.1 mm 0.1 mm

Distance between

contours

- - 0.2 mm* -

*1 contour in cornea mimicking structures with stroma and epithelium (Chapter 9.8), other structures had 2 contours
with 0.2 mm distance between contours.

9.4 Optimization of HA-DA HAMA stromal bioink

To determine the best HA-DA HAMA stromal bioink composition for the LSC medium co-

culture condition, grid and cylindrical structures were printed with different bioink compo-

sitions, UV exposure times and timing of UV exposure after printing. Using 15 mm x 15

mm grid structures with six perpendicular layers and 2.5 mm distance between filaments

(Table 2), printability and shape fidelity immediately after printing were evaluated by im-

aging the structures with the built-in camera of the 3D bioprinter. Moreover, printed four-

layered cylindrical structures mimicking corneal stroma (Table 2), were used to assess

the stability of the structures in the LSC medium co-culture condition by incubating the

structures in LSC medium (CnT-07 Epithelial Proliferation Medium, CELLnTEC) for up

to 14 days. At the end of incubation, LSC medium was removed, and the structures were

handled with spatula to evaluate the stability of the structures.

First, the composition of a HA-DA stromal bioink containing crosslinking components HA-

DA-CDH and HA-ALD dissolved into concentration of 14 mg/ml was modified by replac-

ing partially or fully the primary rheological modifier, unmodified HA, with 4% HAMA

(Compositions 1 and 2, Table 3). 30 s UV exposure time was used, and UV exposure of
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printed structure was done 1 h after printing. Following these tests, a HA-DA stromal

bioink containing crosslinking components HA-DA-CDH and HA-ALD dissolved into con-

centration of 12 mg/ml was modified as previously with 4% HAMA (Compositions 3 and

4, Table 3). 30, 60 and 120 s UV exposure times were tested, and UV exposure of printed

structure was done 1 h after printing. Next, the concentration of stock HAMA solution

was decreased from 4% to 3%. Using 3% HAMA, tests were performed with a HA-DA

stromal bioink containing crosslinking components HA-DA-CDH and HA-ALD dissolved

into concentration of 14 mg/ml by again partially or fully replacing the unmodified HA

(Compositions 5 and 6, Table 3). 30, 60 and 120 s UV exposure times were tested, and

UV exposure of printed structure was done 1 h after printing. These initially tested HA-

DA HAMA stromal bioink compositions and used printing parameters are summarized in

Table 3.

Initially tested HA-DA HAMA stromal bioink compositions and printing parameters
used to print the bioinks.

Based on these tests, HA-DA stromal bioink with HA-DA-CDH and HA-ALD dissolved

into 13 – 14 mg/ml concentration where unmodified HA was fully replaced with 3% HAMA

was chosen as the bioink composition for the HA-DA HAMA stromal bioink. Also, 60 s

UV exposure time was settled on. From here after, this bioink will be referred to as HA-

DA HAMA stromal bioink.

Bioink

composi-
tion

HA-DA-CDH

and HA-ALD
stock con-

centration
(mg/ml)

HAMA

stock con-
centration

(%)

Amount of re-

placed unmodi-
fied HA (%)

UV exposure

time (s)

Timing of

UV expo-
sure after

printing

Printing

pressure
and speed

1 14 4 100 30 1 h 1 bar, 9

mm/s

2 14 4 50 30 1 h 1 – 1.1

bar, 8 – 9

mm/s

3 12 4 100 30, 60 or 120 1 h 0.8 – 1.1

bar, 8

mm/s

4 12 4 50 30, 60 or 120 1 h 1 bar, 8

mm/s

5 14 3 100 30, 60 or 120 1 h 0.9 – 1

bar, 8

mm/s

6 14 3 50 30, 60 or 120 1 h 1 bar, 8

mm/s
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Finally, also timing of UV exposure after printing was tested. The HA-DA HAMA stromal

bioink was tested with UV exposure given immediately after printing or 1 h after printing

to printed structures. Based on the handling of the printed structures on day 7, UV expo-

sure given immediately after printing was chosen.

9.5 Characterization of stromal bioinks

After choosing the best HA-DA HAMA stromal bioink composition, the chosen HA-DA

HAMA stromal bioink was compared to the original HA-DA stromal bioink with same HA-

DA-CDH and HA-ALD concentration. The compositions of these two bioinks and printing

parameters used to print the bioinks are presented in Table 4.

Composition of stromal bioinks compared in this thesis and the printing parameters
used to print the bioinks.

These HA-DA and HA-DA HAMA stromal bioinks were compared by characterizing the

printability and shape fidelity of grid structures printed with the same parameters in two

different incubation conditions. As the co-culture condition, LSC medium was used. For

comparison, 1X PBS was used as previously described in Mörö et al. (2022). Also, shear-

thinning properties of the bioinks were compared by measuring their viscosities. In addi-

tion, cylindrical structures to mimic corneal stroma (Table 2) were printed to analyze the

stability and handling, swelling behavior, transparency, and mechanical properties of the

two bioinks in the two different incubation conditions.

9.5.1 Printability and shape fidelity
Printability and shape fidelity of the two bioinks were compared by printing 12.5 mm x

12.5 mm grids with four perpendicular layers and 2.5 mm distance between filaments

(Table 2). Printing parameters of 1.1 bar pressure and 8 mm/s speed were used to print

the four layered grid structures. The printed structures were imaged with the built-in cam-

era of the 3D bioprinter immediately after printing and after incubation in PBS or LSC

medium for 7 and 14 days at 37 °C with 5% CO2. On day 7 and 14, the liquid was carefully

removed before imaging. ImageJ Fiji software was used to measure filament thickness,

pore area and perimeter of the pore from the images. Eight randomly selected filaments

Bioink Bioink components UV Printing pressure and speed

HA-DA HA-DA-CDH, HA-ALD, Unmodified

HA, Col I

No UV 0.8 – 1.1 bar, 8 – 9 mm/s

HA-DA HAMA HA-DA-CDH, HA-ALD, 3% HAMA,

Col I

60 s, immediately after

printing

1 – 1.1 bar, 8 -9 mm/s
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and the nine center pores were analyzed at each time point from each grid structure.

Also, the number of remaining open pores in the grid structures were counted. On day

0, immediately after printing six grid replicates were analyzed (n=6) and on day 7 and 14

three grid replicates were analyzed (n=3) for each condition. The shape of the pore was

analyzed further by calculating its pore factor using Equation 1.

9.5.2 Viscosity of bioinks
Viscosities of HA-DA HAMA and HA-DA stromal bioinks were measured with Discovery

HR-2 hybrid rheometer (TA Instruments) to determine the shear-thinning properties of

the two bioinks. Continuous flow sweeps with shear rate ranging from 0.01 to 100 1/s

were performed for all samples with 20 mm parallel plate geometry at 20 °C. A 1 mm

gap was set manually for each sample to prevent over- and underfill. The bioinks were

prepared before measurement as described previously in Chapter 9.2 into a syringe.

After 20 minutes of crosslinking, 400 – 500 µl of bioink was injected between the plates

of the rheometer and measurement of the first replicate was started. All in all, four 400 –

500 µl bioink replicates were measured (n=4) per bioink. The measurements were per-

formed within 1 h of starting the measurement of the first replicate.

9.5.3 Swelling behavior of bioprinted structures
Bioprinted cylindrical stromal structures (Table 2) were incubated in PBS or LSC medium

at 37 °C with 5% CO2 to analyze the swelling behavior of the bioinks in different incuba-

tion conditions. Four replicates for both incubation conditions were printed from HA-DA

stromal bioink (n=4) and five replicates for both incubation conditions were printed from

HA-DA HAMA stromal bioink (n=5). The structures were printed on pre-weighed cell cul-

ture dishes. After 1 h of stabilization and 30 minutes of immersion into incubation me-

dium, the liquid was carefully removed, and initial weight of the structure was determined.

The printed structures were also weighed on day 1, 3, 7, 10 and 14, and incubation

medium was removed carefully each time. The swelling behavior of the structures was

analyzed by calculating the remaining weight percentage at each timepoint using Equa-

tion 2.

9.5.4 Handling of bioprinted structures
The handling of bioprinted HA-DA and HA-DA HAMA cylindrical stromal structures (Ta-

ble 2) was evaluated on day 7 and 14 after incubation in PBS or LSC medium. Before

handling, incubation medium was removed carefully. The structures were then handled

with a spatula and imaged with mobile phone camera during handling.
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9.5.5 Rheology of bioprinted structures
Viscoelastic properties of bioprinted HA-DA and HA-DA HAMA cylindrical stromal struc-

tures (Table 2) incubated in PBS or LSC medium were assessed by performing ampli-

tude and frequency sweeps using the Discovery HR-2 hybrid rheometer (TA Instru-

ments). Measurements were performed on day 1 and 7 after printing. Before each meas-

urement, the incubation solution was carefully removed, and an 8 mm diameter cylinder

was punched out from the printed structure with an 8 mm biopsy punch (Kai Industries

Co., Ltd.). This piece of the printed structure was then set between the plates of the

rheometer using a spatula. The gap was set manually for each sample ranging from 400

to 1100 µm.

Amplitude sweeps with oscillation strain ranging from 0.1% to 100% and a constant fre-

quency of 1 Hz were performed with 8 mm parallel plate geometry at 20 °C. Based on

amplitude sweeps, 1% strain was selected for frequency sweeps. Frequency sweeps

with frequency ranging from 0.1 Hz to 10 Hz were performed with 8 mm parallel plate

geometry at 20 °C. Number of parallel replicates in amplitude and frequency sweeps are

presented in Table 5.

Number of parallel replicates in amplitude and frequency sweeps.

Timepoint Incubation con-

dition

Amplitude sweep

HA-DA             HA-DA HAMA

Frequency sweep

HA-DA             HA-DA HAMA

Day 1 PBS 3 2 4 4

LSC Medium 3 2 5 4

Day 7 PBS 2 2 4 5

LSC Medium 3 2 4 3

9.5.6 Transparency
Transparency of bioprinted cylindrical stromal structures (Table 2) was examined visually

and by measuring light absorbance using a multimode microplate reader (Spark®,

Tecan). Visually the transparency was evaluated from printed acellular structures and

cell-laden structures. The incubation medium was removed carefully from the culture

dish. The culture dish with the structure was place on printed text and imaged with mobile

phone camera. Transparency of printed acellular HA-DA and HA-DA HAMA stromal

structures in PBS or LSC medium were visually evaluated on day 1, 7 and 14 after print-

ing. Similarly, the transparency of printed cell-laden structures was evaluated on day 1

and 7 after printing.
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Light absorbance was measured on day 1 after printing, from printed acellular HA-DA

and HA-DA HAMA stromal structures in LSC medium as previously reported by Kim et

al. (2019b). Samples were washed before measurement for 1 h by changing 1X PBS

once. 5 mm diameter cylinders were punched out from the printed structure with a 5 mm

biopsy punch (Surgi-Cut®, Paramount Surgimed Ltd). The cylinders were placed into the

wells of a 96 well plate (Nunclon 96 flat transparent, Thermo Fisher Scientific) and 20 µl

of 1X PBS was pipetted on top of samples to prevent drying. As control, 90 µl of 1X PBS

was pipetted into separate wells of the well plate. The light absorbance values in the

range of 400 – 700 nm were measured with a wavelength step size of 5 nm at RT. Meas-

urements were performed in triplicates (n=3). From the measured light absorbance val-

ues, light transmittance (T) was calculated with the following equation:

𝑇 (%) =
1

10𝐴
× 100

where A is the measured light absorbance.

9.6 Cells

hASC-CSKs were used to evaluate the cytocompatibility of the HA-DA and HA-DA

HAMA stromal bioinks which is described in Chapter 9.7. hASC-CSKs were also used

as the cell type for the stromal layer in cornea mimicking structures with stroma and

epithelium. hASC-CSKs were chosen due to the multiple advantages of hASCs dis-

cussed in Chapter 4.3 and due to being previously used for 3D bioprinting by the re-

search group (Mörö et al., 2022). The differentiation of hASC-CSKs is described in Chap-

ter 9.6.2. Instead, ABCG2 enriched hPSC-LSCs were chosen as cell type for the epithe-

lial layer of the cornea mimicking structure with stroma and epithelium due to extensive

knowledge of these cells in the research group (Vattulainen et al., 2021, 2019).

9.6.1 hASC ethical statement
The hASC 5/18 were used under approvals from Regional Ethics Committee of the Ex-

pert Responsibility area of Tampere University Hospital that allow to extract and use

hASCs for research purposes (R15161).

9.6.2 hASC-CSKs
For each cell experiment, a frozen stock of 0.5 million hASCs 5/18 were thawed, centri-

fuged and the supernatant was removed. Next, the hASCs were resuspended in hASC

medium consisting of DMEM/F-12 (Gibco) supplemented with 5% Human Serum

(Serena), 1% GlutaMAXTM (Gibco) and 1% penicillin-streptomycin (Gibco) and plated
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into 2 or 3 T75 culture flasks (NuncTM EasYFlaskTM Cell Culture Flask, Thermo Fisher

Scientific). The hASCs were stored in an incubator at 37 °C with 5% CO2 and cultured

for 4 – 6 days to expand cell amount. The cell culture medium was changed three times

a week.

After expansion, the hASCs were washed with 1X PBS and enzymatically detached with

TrypLE™ Select (Gibco). After 8 minutes of incubation at 37 °C with 5% CO2, TrypLETM

was removed and hASC medium was added to the flasks. Subsequently, hASCs were

centrifuged, the supernatant was removed, and the cells were resuspended in keratocyte

differentiation medium (KDM) for counting with an automated cell counter (Nucle-

oCounter® NC-202TM, ChemoMetec). For differentiation, hASCs were plated at 7000

cells/cm2 into CellBIND® T75 culture flasks (Corning®) in KDM consisting of Advanced

DMEM (Gibco) supplemented with 1% GlutaMAX™, 1% penicillin-streptomycin 10 ng/ml

basic human fibroblast growth factor (hFGF, PeproTech), 0.1 mM ascorbic acid-2-phos-

phate (Sigma-Aldrich) and 1 µM retinoic acid (Sigma-Aldrich). During the first five days

of differentiation, the KDM was changed every day, after which the medium was changed

three times a week. The hASCs were differentiated at passage 4 for two weeks before

bioprinting. At time of bioprinting, hASCs differentiated towards CSKs were called hASC-

CSKs.

On day 14 of differentiation, the hASC-CSKs were briefly washed with 1X PBS and de-

tached with TrypLETM. After 16 minutes of incubation at 37 °C with 5% CO2, Defined

Trypsin Inhibitor (DTI, Gibco) was added. Next, the cells were centrifuged, and resus-

pended in KDM for counting with Bürker chamber. Subsequently, hASC-CSKs were cen-

trifuged, resuspended in the 1X PBS component of the bioink and mixed as described in

Chapter 9.2.

For the assessment of HA-DA and HA-DA HAMA stromal bioink cytocompatibility, cell

density in the bioinks was 3 million cells/ml. These bioinks with cells were crosslinked for

40 – 55 minutes in the syringe barrel at RT before printing. Instead, in the stromal layer

of cornea mimicking structures with stroma and epithelium, cell density of the HA-DA

stromal bioink was 4 million cells/ml. This stromal bioink was crosslinked for 10 minutes

in the syringe barrel before printing.

9.6.3 hPSC-LSCs
ABCG2 enriched hPSC-LSC population was used in the printing of the epithelial layer in

the cornea mimicking structures with stroma and epithelium. The hPSC-LSCs from hu-

man iPSC line WT003.TAU.bC were derived as previously described by Vattulainen et

al. (2019) and maintained in standard CnT-30 (CELLnTEC) differentiation conditions with
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EC supplementation (50 ng/ml mouse recombinant epidermal growth factor (EGF, Invi-

trogen) and 3 μM CHIR-99021 (Stemgent)) from day 10 for 3 passages before cryostor-

age.  For printing, a frozen stock of hPSC-LSCs was thawed, centrifuged and the super-

natant was removed. Next, the cells were resuspended in LSC medium (CnT-07,

CELLnTEC) and plated onto round 100 mm cell culture dishes (Corning Falcon) coated

with 5 µg/cm2 human placental Col IV (Sigma-Aldrich) and 0.5 µg/cm2 recombinant

LN521 (LN521™, Biolamina). The hPSC-LSCs were stored in an incubator at 37 °C with

5% CO2 and cultured for 7 days to expand cell amount. On day 7, the cells were briefly

washed with 1X PBS and detached by enzymatic dissociation with TrypLE™ by incubat-

ing at 37 °C with 5% CO2 for 4 minutes. After incubation, DTI was added, the cells were

centrifuged, and resuspended in LSC medium for counting with Bürker chamber. Next,

the hPSC-LSCs were centrifuged and resuspended in desired volume of LSC medium

for the bioink preparation described in the Confidential supplement. hPSC-LSC cell den-

sity of the HA-DA bioink specific for the epithelium is reported in the Confidential supple-

ment.

9.7 Cytocompatibility of stromal bioinks

The cytocompatibility of the HA-DA and HA-DA HAMA stromal bioinks were evaluated

by printing the bioinks with hASC-CSKs into cylindrical stromal structures (Table 2). The

cytocompatibility was assessed with Live/Dead analysis and IF staining. Also, the effect

of UV exposure time on hASC-CSKs in HA-DA HAMA stromal structures was evaluated

with Live/Dead analysis. The different cell-laden structures compared, and UV parame-

ters used are presented in Table 6.

Compared bioinks, UV and printing parameters.

9.7.1 Cell culture of 3D bioprinted stromal structures
The morphology of hASC-CSKs after bioprinting was followed by imaging samples with

phase contrast microscope (Primovert, Carl Zeiss). Culture medium of printed cell-laden

stromal structures was changed three times a week. The bioprinted stromal structures

were cultured up to 21 days in vitro. The printed cell-laden stromal structures used to

Bioink UV exposure time Printing pressure and speed

HA-DA No UV 0.4 – 0.8 bar, 8 – 9.6 mm/s

HA-DA HAMA No UV 0.9 – 1 bar, 9.5 mm/s

HA-DA HAMA UV 30 s, immediately after printing 0.7 – 0.9 bar, 9.5 – 12 mm/s

HA-DA HAMA UV 60 s, immediately after printing 0.5 – 0.9 bar, 9.5 – 14.4 mm/s
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study cytocompatibility of the bioinks (Table 6) were cultured in KDM. Additionally, one

HA-DA cell-laden stromal structure, one HA-DA HAMA cell-laden stromal structure with

30 s UV exposure time and one HA-DA HAMA cell-laden stromal structure with 60 s UV

exposure time were cultured in LSC medium (CnT-07, CELLnTEC) to assess the stability

of these cell-laden stromal structures in the co-culture condition. The stability of these

structures was followed visually and by imaging with phase contrast microscope.

9.7.2 Live/Dead
Viability of hASC-CSKs in HA-DA and HA-DA HAMA stromal structures with different UV

exposure times (Table 6) were evaluated on day 1 and 7 with Live/Dead® Viability/Cy-

totoxicity Kit for mammalian cells (Thermo Fischer Scientific). Also, Live/Dead staining

was performed for cell-laden HA-DA HAMA structures in LSC medium on day 14. The

reagent solution consisted of calcein-acetoxymethyl ester (Ca-AM, live stain) and eth-

idium homodimer-1 (EthD-1, dead stain). Live/Dead staining was carried out with differ-

ent protocols with different samples at different timepoints due to problems with perme-

ability of stains. The incubation time in reagent solution and concentration of EthD-1 were

changed. The reagent solution was made into 8 ml of 1X PBS and each time 1 µl of Ca-

AM was added. The used protocols for each sample at each time point are summarized

in Table 7.

Live/Dead protocols

Each time before adding reagent solution, the samples were briefly washed in 1X PBS.

After incubation in reagent solution at 37 °C with 5% CO2, the samples were imaged with

Leica Dmi8 (Leica Microsystems). Z-stack images were taken, following which images

were converted to maximum intensity projections (MIPs) and edited in ImageJ Fiji.

Sample and time point Incubation time Volume of EthD-1 Volume of Ca-AM Volume of PBS

HA-DA Day 1 30 min 3 µl 1 µl 8 ml

HA-DA Day 7 30 min 3 µl 1 µl 8 ml

HA-DA HAMA Day 1 60 min 3 µl 1 µl 8 ml

HA-DA HAMA Day 7 60 min 1 µl 1 µl 8 ml

HA-DA HAMA in LSC me-

dium Day 14

60 min 1 µl 1 µl 8 ml
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9.7.3 Immunofluorescence staining
IF staining was used to evaluate cell morphology, tissue formation and expression of

cornea stroma specific markers in bioprinted HA-DA and HA-DA HAMA cylindrical stro-

mal structures containing hASC-CSKs. Timepoints and performed staining are pre-

sented in Table 8. Alongside nuclei stain Hoechst, phalloidin stained actin filaments and

gap junction protein connexin 43 (Cx43) staining were used to evaluate cell morphology

and tissue formation whereas Col I and lumican were stained as cornea stroma specific

markers.

IF staining performed for each cell-laden HA-DA and HA-DA HAMA structure

At each timepoint, the sample was washed three times with 1X PBS and fixed with 4%

paraformaldehyde (PFA, Electron Microscopy Sciences) for 45 minutes at RT. After fix-

ing, samples were washed twice with 1X PBS and stored in 1X PBS at 4 °C. For perme-

abilization and blocking, fixed samples were incubated in 5% bovine serum albumin

(BSA, Sigma-Aldrich) in 1X PBS with 0.1% Triton X-100 (Sigma-Aldrich) over night at

RT. Thereafter, the primary antibodies in 5% BSA in 1X PBS were added. After incuba-

tion for 3 days at 4 °C, the samples were washed for 2 days by changing 1X PBS three

times. Next, secondary antibodies in 5% BSA in 1X PBS were added and incubated over

night at RT. Subsequently, the samples were washed over night by changing the 1X PBS

three times. Finally, the samples were mounted with Vectashield® Antifade Mounting

medium (Vector Laboratories) on glass bottom MatTek dishes (MatTek corporation) and

stored at 4 °C. Before imaging, excess mounting medium was removed and cover slips

were placed on top of the samples. The samples were imaged using confocal micro-

scope (LSM 800, Zeiss). Taken z-stack images were deconvoluted with Huygens Essen-

tial software (Scientific Volume Imaging) following which the images were converted to

MIPs and edited in ImageJ Fiji. Imaris (Oxford 12 Instruments) was used to create or-

thogonal visualizations of the z-stack images. The antibodies used for comparing HA-

DA and HA-DA HAMA stromal structures with hASC-CSKs are summarized in Table 9.

Bioink Phalloidin, Cx43, Hoechst Col I, Lumican, Hoechst

HA-DA Day 7 and 21 Day 7, 14 and 21

HA-DA HAMA, UV 30 s Day 7 and 14 Day 14

HA-DA HAMA, UV 60 s Day 7, 14 and 21 Day 14 and 21
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 Summary of antibodies and other staining used for IF staining comparing HA-DA
and HA-DA HAMA stromal structures with hASC-CSKs.

Antibody Use Manufacturer Dilution

Primary Antibodies
Anti-Cx43, rabbit Visualization of gap junction protein Cx43 Abcam 1:100

Anti-Col I, mouse Visualization of Col I Abcam 1:100

Anti-lumican, goat Visualization of lumican R&D systems 1:50

Secondary Antibodies
Anti-rabbit, A488 Binds to primary antibodies from rabbit Invitrogen 1:400

Anti-mouse, A488 Binds to primary antibodies from mouse Invitrogen 1:400

Anti-goat, A568 Binds to primary antibodies from goat Invitrogen 1:400

Other
Phalloidin-tetramethylrhodamine B
isothiocyanate A568

Visualization of actin filaments Sigma-Aldrich 1:80

Hoechst 33342 Visualization of cell nuclei Invitrogen 1:1000

9.8 Human cornea mimicking structures with stroma and epi-
thelium

In the final stage of this thesis, after characterizing and comparing the HA-DA and HA-

DA HAMA stromal bioinks, cornea mimicking structures with stroma and epithelium were

bioprinted. Based on the results, a HA-DA stromal bioink with an increased concentration

of crosslinking components HA-ALD and HA-DA-CDH (Chapter 9.2) was used with

hASC-CSKs for the stromal layer (Chapter 9.6.2). Instead, for the epithelial layer of the

structure, a HA-DA bioink specific for the epithelium was used (Chapter 9.2) with hPSC-

LSCs as cell type for the epithelial layer (Chapter 9.6.3). In addition to testing a proof-of-

concept for extrusion-based 3D bioprinting of human cornea mimicking structures with

stroma and epithelium, two different co-culture conditions were tested.

9.8.1 3D bioprinting procedure
After precrosslinking of bioinks, printing of cornea mimicking structures with stroma and

epithelium was started. Each cornea mimicking structure was printed by first printing the

stromal layer onto a petri dish. As the stromal layer, a four layered 12 mm diameter

cylinder was printed (Table 2) with printing parameters of 1.1 – 1.2 bar pressure and 5 –

9 mm/s speed. Next, the epithelial layer was immediately printed on top of the stromal

layer. As epithelial layer, a two layered 12 mm diameter cylinder was printed (Table 2)

with printing parameters stated in the Confidential supplement. After printing, the struc-

tures were stabilized for 1 h as previously described in Chapter 9.3 before adding cell

culture medium.
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9.8.2 Co-culture of cornea mimicking structures
Cornea mimicking structures with stroma and epithelium were cultured in LSC medium

(CnT-07, CELLnTEC) or a 1:1 mixture of KDM and LSC medium (KDM+LSC) to test two

different co-culture conditions. For the first day after printing, the mediums contained 1

µl/ml ROCK Inhibitor (Y-27632, Stemcell Technologies). On day 2, the culture medium

was changed to the same culture medium without ROCK Inhibitor. After this, culture me-

dium was changed three times a week. The bioprinted cornea mimicking structures were

cultured up to 7 days in vitro.

9.8.3 Analysis of cornea mimicking structures
After printing, the morphology of hASC-CSKs and hPSC-LSCs in cornea mimicking

structures with stroma and epithelium was followed with phase contrast microscope.

Moreover, on day 4 and 7, IF staining was used to evaluate cell morphology as well as

expression of LSC marker ABCG2 in the printed structures. The same IF staining and

imaging protocol was used as previously in Chapter 9.7.3. The used antibodies are sum-

marized in Table 10.

Summary of antibodies and other staining used for IF staining of cornea
mimicking structures.

Antibody Use Manufacturer Dilution

Primary Antibody
Anti-ABCG2 (5D3), mouse Visualization of ABCG2, a biomarker for

putative LSCs
Millipore 1:200

Secondary Antibody
Anti-mouse, A488 Binds to primary antibodies from mouse Invitrogen 1:400

Other
Phalloidin-tetramethylrhodamine B
isothiocyanate A568

Visualization of actin filaments Sigma-Aldrich 1:80

Hoechst 33342 Visualization of cell nuclei Invitrogen 1:1000

9.9 Statistical Analysis

Statistical analysis of printability, shape fidelity and storage moduli were done with IBM

SPSS Statistics software. Nonparametric Mann-Whitney U test was used to determine

statistical differences in filament thickness and pore factor between the two bioinks im-

mediately after printing as well as differences between the storage moduli on day 1 and

day 7. Nonparametric Kruskal-Wallis test was used for discovering statistical differences

in relative filament thickness, relative pore area, and storage moduli between the bioinks

in different incubation conditions. P-values < 0.05 were considered statistically signifi-

cant.
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10. RESULTS

10.1 Optimization of HA-DA HAMA stromal bioink

With the aim to enhance the stiffness and stability of the HA-DA stromal bioink, the best

HA-DA HAMA stromal bioink composition for the LSC medium co-culture condition was

first determined. Six different compositions were initially tested (Table 3). All composi-

tions demonstrated good printability (Figure 9). Printed filaments were uniform and grid

structures were clear for all bioink compositions. Some minor filament merging could be

observed at the crossroads in grid structures for all bioink compositions. These observa-

tions indicate that all bioinks had good shape fidelity immediately after printing when

compared to original 3D model. Moreover, cylindrical stromal structures were printed,

and the effect of different UV exposure times was investigated. All structures stayed sta-

ble until the end of incubation and attached to the bottom of the printing substrate. To

determine the best composition, handling of structures after incubation in LSC medium

was chosen as the deciding factor. Since all bioink compositions in LSC medium were

very soft it was difficult to detect small differences in handling as the handling was carried

out by hand with a spatula.

Of all compositions, structures printed from compositions 1 and 2 with 4% HAMA and

crosslinking components HA-DA-CDH and HA-ALD dissolved into concentration of 14

mg/ml were the softest after incubation in LSC medium. Composition 2 where half of the

unmodified HA had been replaced with 4% HAMA was so soft that it could not be lifted

onto the spatula on day 6 and broke during handling (Figure 9). Next, compositions 3, 4,

5 and 6 were tested with different UV exposure times. All structures printed with these

compositions could be lifted onto spatula (Figure 9).

For composition 3 and 4, a longer UV exposure seemed to make the structure slightly

stiffer and easier to handle. However, when lifted with a spatula all structures elongated

significantly during lifting and had slightly lost their shape when on the spatula. This is

demonstrated for composition 3 and 4 with 30 s UV exposure time in Figure 9. Even

though not shown in Figure 9, structures with 60 and 120 s UV behaved similarly.

For composition 5 and 6, UV exposure time of 60 s seemed to make the structure slightly

stiffer when compared to 30 s UV exposure time. No significant differences were ob-

served between 60 and 120 s UV exposure time. In contrast to other bioink compositions,

structures printed from compositions 5 and 6 did not elongate and kept their original
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shape better when lifted with a spatula. Images of structures printed with composition 5

and 6 using different UV exposure times are presented in Figure 9.

Based on these observations, compositions 5 and 6 were chosen as best candidates for

the HA-DA HAMA stromal bioink. No significant difference was observed between com-

position 5, where the unmodified HA had been fully replaced with 3% HAMA, and com-

position 6, where half of the unmodified HA had been replaced with 3% HAMA. Conse-

quently, composition 5 was chosen based on aiming for a more densely crosslinked hy-

drogel network in the bioprinted structures by having higher HAMA concentration in the

bioink. As UV exposure time of 60 s seemed to make the structures printed from com-

position 5 slightly stiffer, the 60 s UV exposure time was chosen.

Finally, timing of UV exposure after printing was investigated. Stromal structures printed

with the chosen HA-DA HAMA stromal bioink were exposed to UV immediately after

printing or 1 h after printing. On day 7 after printing the structures were handled. Struc-

tures exposed to UV immediately after printing kept their original shape better and

seemed stiffer when handled. Therefore, UV exposure given immediately after printing

was continued with for bioink characterization and cytocompatibility tests.
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Initially tested HA-DA HAMA stromal bioink compositions. For each HA-DA
HAMA stromal bioink composition, printed grid structure images immediately after print-
ing for printability evaluation, and image of structure during handling on day 6 or 7. UV
exposure time for each structure indicated in lower right corner. Scale bars 5 mm.

10.2 Characterization of stromal bioinks

After optimization of the HA-DA HAMA stromal bioink composition, the chosen HA-DA

HAMA stromal bioink was compared to the original HA-DA stromal bioink with same HA-

DA-CDH and HA-ALD concentration. These two bioinks were compared by characteriz-

ing the bioinks and their properties in two different incubation conditions: LSC medium

co-culture condition and PBS. The results for printability, shape fidelity, swelling behav-

ior, handling, rheological measurements, and transparency of the two bioinks are pre-

sented next.
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10.2.1 Printability
The printability of the HA-DA and HA-DA HAMA stromal bioinks were compared by print-

ing grid structures with four perpendicular layers with printing parameters of 1.1 bar pres-

sure and 8 mm/s speed (Figure 10A). Overall, both bioinks demonstrated good printabil-

ity with 27 G needle. Printed filaments were uniform and grid structures were clear with

both bioinks. Some filament merging could be observed at the crossroads.

To further assess the printability of the bioinks, filament thickness was measured (Figure

10B) and pore factor was calculated (Figure 10C). Average filament thickness was

greater (p < 0.05) for HA-DA stromal bioink (0.71 ± 0.07 mm) than for HA-DA HAMA

stromal bioink (0.66 ± 0.06 mm) immediately after printing. Instead, the pore factor was

similar between bioinks. The pore factor of the HA-DA stromal bioink was 0.88 ± 0.06

mm and for HA-DA HAMA stromal bioink 0.88 ± 0.04 mm. The pore factor was slightly

below 1 but remained close to 1 for both bioinks. This indicates a slight circular shape of

the pore, but still good shape fidelity compared to original 3D model. This is supported

by the images of the grid structures (Figure 10A).

The shear-thinning properties of the bioinks were assessed by measuring their viscosi-

ties (Figure 11). Based on viscosity measurements, the peak viscosity value for the HA-

DA stromal bioink was 826 ± 425 Pa·s and for the HA-DA HAMA stromal bioink 1028 ±

451 Pa·s, respectively. For both bioinks, the viscosities decreased as the shear rate was

increased demonstrating shear-thinning properties for the bioinks. The shear-thinning

behavior of the bioinks support the good printability seen with filament thickness and

pore factor analysis in Figure 10.
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Printability of HA-DA and HA-DA HAMA stromal bioinks. Images of the
printed grid structures (A), filament thickness (p*< 0.05, n=6) (B) and pore factor (n=6)
(C) on day 0. Scale bars 5 mm. Data is presented as mean values with ± standard devi-
ation.

Viscosity with increasing shear rates for HA-DA and HA-DA HAMA stromal
bioinks (n=4). Data is presented as mean values with ± standard deviation.
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10.2.2 Shape fidelity during incubation
Four layered grid structures were incubated in PBS or LSC medium to assess the effect

of bioink composition and incubation conditions on shape fidelity of the structure. With

both HA-DA and HA-DA HAMA stromal bioinks, filament swelling after immersion into

incubation solution could be visually observed by comparing images taken immediately

after printing (Figure 10A) to images of grid structures during incubation (Figure 12A).

Moreover, more visible filament swelling could be observed in grids incubated in LSC

medium (Figure 12A). Additionally, some of the pores at the edges of the grids had com-

pletely closed in both HA-DA and HA-DA HAMA grids during incubation in LSC medium.

Furthermore, in one of the HA-DA grids in LSC medium, 2 pores of the 9 center pores

had closed completely. On day 14 of incubation in LSC medium, from the 25 original

pores, 8 ± 3 pores in HA-DA grids and 7 ± 2 pores in HA-DA HAMA grids had closed.

Instead, all pores remained open in grids incubated in PBS indicating better stability of

the bioinks in PBS.

To quantify the observed swelling, filament thickness was measured, and pore area was

calculated from images taken of grid structures immediately after printing and on day 7

and 14 of incubation. The measured filament thickness is presented as relative filament

thickness where the filament thicknesses on day 7 and 14 are normalized against day 0

(Figure 12B). Also, the measured pore area is presented as relative pore area where the

pore areas on day 7 and 14 are normalized against day 0 (Figure 12C).

Between day 0 and 7 the average filament thickness increased for both bioinks in PBS

and LSC medium indicating swelling of the filament caused by immersion into incubation

medium (Figure 12B). The changes in pore area during the incubation period supports

these results. Between day 0 and 7 the average pore area decreased for both bioinks in

PBS and LSC medium (Figure 12C).

On day 7, for both bioinks, the relative filament thickness was significantly higher (p <

0.05) in LSC medium than in PBS (Figure 12B). This indicates that the bioinks had better

shape fidelity in PBS than in LSC medium. On day 7, the average filament thickness for

HA-DA stromal bioink was 1.29 ± 0.09 and 1.67 ± 0.10 times the initial filament thickness

on day 0 in PBS and LSC medium, respectively. Similarly, the average filament thickness

on day 7 for HA-DA HAMA stromal bioink was 1.25 ± 0.09 and 1.65 ± 0.14 times the

initial filament thickness on day 0 in PBS and LSC medium, respectively. There was no

significant difference in filament thicknesses between the bioinks in same incubation

conditions indicating similar shape fidelity on day 7 (Figure 12B).
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On day 14, in LSC medium the filament thickness had significantly (p < 0.05) increased

when compared to day 0 for both bioinks (Figure 12B). The increase in filament thickness

from day 7 to day 14 was greater for the HA-DA stromal bioink than for the HA-DA HAMA

stromal bioink. On day 14 in LSC medium, the HA-DA stromal bioink was 2.04 ± 0.19

times the initial filament thickness on day 0 whereas the HA-DA HAMA stromal bioink

was 1.82 ± 0.13 times the initial filament thickness on day 0. Similarly, on day 14, in LSC

medium pore area had significantly (p < 0.05) decreased when compared to day 0 for

both bioinks (Figure 12C). The decrease in pore area from day 7 to day 14 was greater

for the HA-DA stromal bioink than for the HA-DA HAMA stromal bioink. On day 7, the

average pore area in LSC medium for the HA-DA stromal bioink was 0.52 ± 0.10 and for

the HA-DA HAMA stromal bioink 0.53 ± 0.10 times the initial pore area on day 0 whereas

on day 14, the HA-DA stromal bioink was 0.28 ± 0.11 and the HA-DA HAMA stromal

bioink was 0.40 ± 0.07 times the initial pore area on day 0. These findings imply that on

day 14 in LSC medium the HA-DA HAMA stromal bioink had better shape fidelity than

the HA-DA stromal bioink.

Instead, the filament thickness slightly decreased from day 7 to day 14 in PBS for both

bioinks (Figure 12B). This decrease of the filament thickness from day 7 to day 14 was

slightly greater for the HA-DA stromal bioink than for the HA-DA HAMA stromal bioink.

On day 14, the average filament thickness in PBS for HA-DA stromal bioink was 1.15 ±

0.09 and for HA-DA HAMA stromal bioink 1.22 ± 0.10 times the initial filament thickness

on day 0. Similarly, on day 14 in PBS the pore area increased between day 7 and 14

(Figure 12C). On day 7, the average pore area in PBS for the HA-DA stromal bioink was

0.75 ± 0.06 and for the HA-DA HAMA stromal bioink 0.80 ± 0.06 times the initial pore

area on day 0 whereas on day 14, the average pore area for the HA-DA stromal bioink

was 0.84 ± 0.11 and for the HA-DA HAMA stromal bioink 0.84 ± 0.05 times the initial

pore area on day 0.
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Shape fidelity of printed HA-DA and HA-DA HAMA grid structures during 14
days of incubation in PBS or LSC medium. Example images of printed HA-DA and HA-
DA HAMA grid structures on day 7 and 14 of incubation. Scale bars 5 mm. (A). Relative
filament thickness (B) and relative pore area (C) of HA-DA and HA-DA HAMA stromal
bioinks during incubation. (*p ≤ 0.05, n=3). All data is presented as mean values with ±
standard deviation.

10.2.3 Swelling behavior of bioprinted structures
To further assess the swelling behavior of the bioinks in different incubation conditions,

printed cylindrical stromal structures were incubated in PBS or LSC medium. The swell-

ing behavior of the printed structures was analyzed by calculating the change in weight

% during 14 days of incubation (Figure 13). In LSC medium, the weight of the HA-DA

structures increased on day 1, then slightly decreased on day 3, after which the weight

continued to increase throughout the incubation period. In comparison, the HA-DA

HAMA structures in LSC medium had a slight decrease in weight at day 1 after which

the weight increased steadily until the end of the incubation period. The increase in
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weight was slightly higher for the HA-DA structures than for the HA-DA HAMA structures

in LSC medium. Instead, when incubated in PBS, the weight of both HA-DA and HA-DA

HAMA cylinders decreased during the incubation period. The decrease in weight was

more substantial for the HA-DA structures than for the HA-DA HAMA structures in PBS.

Both, the greater swelling of the HA-DA structures in LSC medium as well as the larger

decrease in weight of the HA-DA structures in PBS, is supported by the observations

made in filament thickness and pore area during the 14-day incubation (Chapter 10.2.2).

Remaining weight of printed cylindrical HA-DA and HA-DA HAMA stromal
structures during incubation in PBS or LSC medium for 14 days. N=4 for HA-DA and n=5
for HA-DA HAMA in both conditions. Data is presented as mean values with ± standard
deviation.

10.2.4 Handling of bioprinted structures
Printed cylindrical HA-DA and HA-DA HAMA stromal structures were handled with spat-

ula on day 7 and 14 after incubation in PBS or LSC medium (Figure 14). On day 7 after

printing, all structures could be lifted onto a spatula. For both bioinks, structures in LSC

medium were slightly more difficult to handle since the structures seemed to be softer

than structures in PBS on day 7. When comparing the HA-DA and HA-DA HAMA struc-

tures, the HA-DA HAMA structures in PBS seemed more brittle and broke more easily

during handling than HA-DA structures in PBS on day 7. Instead, HA-DA and HA-DA

HAMA structures in LSC medium had similar handling on day 7. On day 14 after printing,

all structures could be lifted onto spatula. For both bioinks, the difference in handling

between structures in LSC medium and structures in PBS had grown as the structures

in LSC medium were substantially softer than in PBS. HA-DA structures in LSC medium

were very soft, elongated and lost their shape during handling whereas the HA-DA
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HAMA structures in LSC medium kept their shape. As on day 7, the HA-DA HAMA struc-

tures in PBS seemed more brittle and broke more easily during handling than HA-DA

structures in PBS on day 14.

Handling of printed cylindrical HA-DA and HA-DA HAMA stromal structures
with spatula. Structures incubated in LSC medium or PBS for 7 and 14 days.

10.2.5 Rheology of bioprinted structures
Cylindrical HA-DA and HA-DA HAMA stromal structures were incubated in PBS or LSC

medium to assess the effect of bioink composition and incubation conditions on viscoe-

lastic properties of the structures. Amplitude sweeps were performed for each condition

on day 1 and 7 of incubation. The amplitude sweeps for HA-DA and HA-DA HAMA struc-

tures in PBS and LSC medium are presented for day 1 in Figure 15A and for day 7 in

Figure 15B.  The storage modulus was higher than the loss modulus in each condition

in the linear viscoelastic region (LVER). This implies that the elastic behavior dominates

over viscous behavior and that the structures are more solid than liquid. From the LVER,

1% strain was selected for frequency sweeps.
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Amplitude sweeps with 1 Hz frequency for HA-DA and HA-DA HAMA stromal
structures on day 1 (A) and 7 (B). Strain value chosen for frequency sweeps indicated
with orange arrow. Storage modulus (G’), loss modulus (G’’). N=2 for all HA-DA HAMA
structures. N=3 for HA-DA structures in PBS on day 1 and in medium on day 1 and 7.
N=2 for HA-DA structures in PBS on day 7. All data is presented as mean values.

Based on frequency sweeps, storage moduli at 1 Hz were compared (Figure 16). The

storage moduli on day 1 and 7 for HA-DA structures were 162.02 ± 50.82 Pa and 163.46

± 76.82 Pa in PBS, respectively, and 123.69 ± 24.24 Pa and 86.18 ± 24.35 Pa in LSC

medium, respectively. Instead, the storage moduli on day 1 and 7 for HA-DA HAMA

structures were 287.68 ± 59.29 Pa and 275.58 ± 94.85 Pa in PBS, respectively, and

279.05 ± 63.29 Pa and 76.57 ± 12.36 Pa in LSC medium, respectively.
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On day 1, the storage moduli of HA-DA HAMA structures in LSC medium and PBS were

significantly (p<0.05) higher than the storage modulus of HA-DA structures in LSC me-

dium indicating a more solid like appearance. Interestingly, on day 7, the storage modu-

lus of HA-DA HAMA structures in LSC medium had decreased and there was no signif-

icant difference between the storage moduli of HA-DA HAMA and HA-DA structures in

LSC medium. However, the storage modulus of HA-DA HAMA structures in PBS re-

mained high on day 7 and was significantly (p<0.05) higher than the storage moduli of

HA-DA HAMA structures in LSC medium and HA-DA structures in LSC medium. Overall,

the storage moduli of HA-DA structures remained relatively unchanged between day 1

and day 7 in both conditions whereas the storage modulus of HA-DA HAMA structures

in LSC medium decreased between day 1 and 7 while HA-DA HAMA structures in PBS

retained their storage moduli. This indicates that LSC medium has a notable effect es-

pecially on the HA-DA HAMA structures.

Storage moduli at 1 Hz from frequency sweeps for HA-DA and HA-DA HAMA
stromal structures in PBS or LSC medium. N=5 for HA-DA medium and n=4 for HA-DA
PBS, HA-DA HAMA medium and HA-DA HAMA PBS on day 1. N=4 for HA-DA medium
and HA-DA PBS, n=3 for HA-DA HAMA medium and n=5 for HA-DA HAMA PBS on day
7. Data is presented as mean values with ± standard deviation (p*<0.05).

10.2.6 Transparency
Transparency is required for the correct function of the cornea (Fuest et al., 2020).

Therefore, transparency of printed acellular HA-DA and HA-DA HAMA stromal structures

in PBS and LSC medium were analyzed visually on day 1, 7 and 14 after printing (Figure

17A). Also, transparency of printed cell-laden structures was analyzed visually on day 1

and 7 after printing (Figure 17B).
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In acellular structures, printed text was clearly visible through the structures in all

timepoints. There was no major difference between transparency when comparing HA-

DA and HA-DA HAMA structures in different incubation conditions on day 1, 7 and 14.

However, during the incubation period HA-DA structures in PBS turned slightly yellow

while remaining transparent on day 14. This change in color could not be observed as

clearly in HA-DA structures in LSC medium most likely due to the pink color of the LSC

medium also changing the color of the printed structures. Instead, in HA-DA HAMA struc-

tures in PBS, no clear change in color could be observed. In HA-DA HAMA structures in

LSC medium, some change in color could be observed most likely due to the pink color

of the LSC medium.

Also, in cell-laden structures, printed text was clearly visible through the structures in all

timepoints. As with acellular structures, there was no major difference between transpar-

ency when comparing cell-laden HA-DA and HA-DA HAMA structures. Similarly, to acel-

lular structures, the cell-laden HA-DA structures had turned slightly yellow on day 7

whereas this could not be observed to HA-DA HAMA structures.

Visual transparency of acellular (A) and cell-laden (B) HA-DA and HA-DA
HAMA stromal structures. Acellular structures have been incubated in PBS or LSC me-
dium.

In addition to visual transparency, the transparency of printed acellular cylindrical stromal

structures was evaluated by measuring the light absorbance of printed structures in the

visible light spectrum (400 – 700 nm) after 1 day of incubation in LSC medium. From the

measured absorbance values, light transmittance was calculated (Figure 18). The trans-

parency of the printed structures was compared to the transparency of PBS as it is the

major solvent in the bioink. PBS transmitted most of the light in the visible light spectrum

of 400 – 700 nm where 89.6 ± 0.1 – 91.3 ± 0.2 % transmittance was measured (Figure
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18). Printed structures had lower light transmittance than PBS but demonstrated excel-

lent transparency almost throughout the visible light spectrum as the printed structures

had mostly transmittance values of over 75% (Ventura et al., 2005). HA-DA HAMA struc-

tures had higher transparency than HA-DA structures (Figure 18). The light transmittance

for HA-DA HAMA and HA-DA structures was 83.7 ± 1.1 – 89.9 ± 0.5 % and 74.4 ± 4.2 –

86.4 ± 1.5 %, respectively, in the visible light spectrum.

Light transmittance of printed HA-DA and HA-DA HAMA cylindrical stromal
structures at different wavelengths of visible light spectrum compared with control (PBS).
Data is presented as mean values with ± standard deviation.

10.3 Cytocompatibility of stromal bioinks

Next, the cytocompatibility of both HA-DA and HA-DA HAMA stromal bioink was as-

sessed with hASC-CSKs by printing cylindrical stromal structures. For the photocross-

linkable HA-DA HAMA stromal bioink, the effect of UV exposure and exposure time on

the cytocompatibility was also examined.

10.3.1 Live/Dead
Live/Dead assay was performed for hASC-CSKs printed in HA-DA stromal structures on

day 1 to determine cell viability after printing and on day 7 to examine the cell viability

during culture. Unfortunately, on day 1 the assay was performed incorrectly, and no

Live/Dead results were obtained for hASC-CSKs printed in HA-DA structures on day 1.

However, based on phase contrast images, already on day 1 many cells started to form
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extensions indicating viable cells (Figure 19). On day 7, the viability of hASC-CSKs re-

mained high, and cells started forming longer extensions and had elongated cell mor-

phology (Figure 19).

Phase contrast images of hASC-CSKs printed in HA-DA stromal structures
demonstrating cell morphology on day 1 and 7. Viability of hASC-CSKs of respective
sample day 7 after printing. Live cells (green), dead cells (red). Scale bars 200 µm.

To assess the viability of hASC-CSKs in the printed HA-DA HAMA stromal structures

and the effect of UV, Live/Dead assay was performed on day 1 and day 7 after printing

(Figure 20). On day 1, when comparing the sample without UV exposure to the samples

with UV exposure, the number of dead cells was slightly higher in samples with UV ex-

posure. This indicates that the UV may have some effect on cell survival. Also on day 1,

the number of cells expressing bright green color was higher in samples without UV

exposure when compared to samples exposed to UV for 30 or 60 s (images taken with

same settings). Moreover, in samples exposed to UV, all cells had rounded morphology

on day 1 whereas few cells in samples without UV exposure had started to form exten-

sions on day 1.  Notably, no significant effects on cell viability were detected when in-

creasing UV exposure time from 30 to 60 s. With both 30 and 60 s UV exposure times,

the number of dead cells was already high on day 1 and slightly increased on day 7.

Likewise, for samples without UV exposure, the number of dead cells slightly increased

from day 1 to day 7. When comparing the cell morphologies on day 7, the cells in samples

exposed to UV retained their rounded morphology whereas some cells in samples with-

out UV exposure exhibited small extensions.
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The effect of UV exposure on hASC-CSK viability in printed HA-DA HAMA
stromal structures on day 1 and day 7 after printing, and phase contrast image of respec-
tive sample to demonstrate cell morphology. Live cells (green), dead cells (red). Scale
bars 200 µm.

10.3.2 Immunofluorescence staining
Cell morphology, tissue formation after printing, and expression of cornea stroma spe-

cific markers were visualized by IF staining HA-DA and HA-DA HAMA cylindrical stromal

structures containing hASC-CSKs. With HA-DA HAMA structures, the effect of different

UV exposure times was also investigated.
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Elongated morphology of hASC-CSKs was clearly observed by phalloidin stained actin

filaments in HA-DA structures on day 7 (Figure 21) indicating that hASC-CSKs can mi-

grate in the structure. Additionally, gap junction protein Cx43 was expressed as bright

dots between cells indicating hASC-CSKs forming cell-cell interactions. Moreover,

hASC-CSKs were observed growing on top of each other possibly within printed layers

in the orthogonal visualization. At the end of culture on day 21, hASC-CSKs had grown

in size and continued to form cellular networks (Figure 21) indicating that the cells are

capable of tissue formation in the HA-DA stromal structures.

hASC-CSKs printed with HA-DA stromal bioink into cylindrical stromal struc-
tures on day 7 and 21. IF staining with nuclei stain Hoechst (blue), gap junction protein
Cx43 (green) and Phalloidin (red). Scale bar for 10X 100 µm and 20X 50 µm.

Instead, in HA-DA HAMA stromal structures, hASC-CSKs had rounded morphology with

both UV exposure times and no clear difference between UV exposure times was ob-

served (Figure 22A and Figure 22B). Moreover, no changes in cell morphology were

observed for either UV exposure time by the end of culture on day 14 for UV exposure

30 s (Figure 22A) and on day 21 for UV exposure 60 s (Figure 22B). These results show
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that the hASC-CSKs retain rounded morphology in HA-DA HAMA stromal structures and

therefore are not able to start tissue formation.

hASC-CSKs printed with HA-DA HAMA stromal bioink into cylindrical stromal
structures with 30 s (A) and 60 s (B) UV exposure time. IF staining with nuclei stain
Hoechst (blue), gap junction protein Cx43 (green) and Phalloidin (red). Scale bar for 10X
100 µm and 20X 50 µm.
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The expression of Col I was studied as it is the major structural protein of the corneal

stroma (Espana and Birk, 2020; Meek and Knupp, 2015). In native corneal ECM it is

arranged as highly organized fibrils and is produced by hCSKs (S. Chen et al., 2015;

Meek and Knupp, 2015). On day 7 in HA-DA stromal structures, some intracellular Col I

expression was observed (Figure 23). In addition, extracellularly stained Col I was ob-

served as haze around the cells on day 7 and did not have fiber-like appearance (Figure

23). On day 14 in HA-DA stromal structures, intracellular Col I expression was increased

and extracellular Col I expression appears more fiber-like (Figure 23). On day 21 in HA-

DA stromal structures, the intracellular Col I expression had decreased from day 14

whereas the extracellular Col I expression is clearly fiber-like (Figure 23).

The cornea stroma marker lumican is a SLRP and one of the main proteoglycans of the

corneal stroma (Carlson et al., 2005). Lumican was expressed intracellularly by hASC-

CSKs in HA-DA stromal structures on day 7 (Figure 23). On day 14, lumican was mostly

expressed intracellularly, but some extracellular expression with fibrillar organization

could be observed in the HA-DA stromal structures (Figure 23). The extracellular expres-

sion of lumican with fibrillar organization was increased on day 21 (Figure 23).

In HA-DA HAMA stromal structures, some possible Col I intracellular expression was

observed on day 14 with both UV 30 and 60 s exposure times (Figure 24A). Extracellular

Col I was observed as haze around the cells in the HA-DA HAMA stromal structures on

day 14 (Figure 24A) which was similar to observations with HA-DA stromal structures on

day 7. On day 21 in the HA-DA HAMA stromal structures, the Col I expression inside the

cells remains the same as on day 14 (Figure 24B). Instead, based on the extracellular

Col I expression on day 21 in HA-DA HAMA stromal structures it seemed like Col I had

organized into randomly winding bundles around cells (Figure 24B). This extracellular

Col I in HA-DA HAMA stromal structures differed significantly from the fiber-like appear-

ance extending from cells observed in the HA-DA stromal structures on day 21.

In HA-DA HAMA stromal structures, some possible lumican expression was observed

on day 14 (Figure 24A) as well as on day 21 (Figure 24B). The expression pattern did

not change between day 14 and 21. In addition, on day 14 no differences between UV

exposure times were observed (Figure 24A).
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hASC-CSKs printed with HA-DA stromal bioink into cylindrical stromal struc-
tures. IF staining with Col I (green), Lumican (red) and nuclei stain Hoechst (blue). Scale
bar 50 µm.
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hASC-CSKs printed with HA-DA HAMA stromal bioink into cylindrical stromal
structures with 30 s and 60 s UV exposure time on day 14 (A) and with 60 s UV exposure
time on day 21 (B). IF staining with Col I (green), Lumican (red) and nuclei stain Hoechst
(blue). Scale bar 50 µm.
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10.3.3 Stability of cell-laden stromal structures in LSC medium
All the cell-laden stromal structures used to study cytocompatibility in Chapter 10.3.1 and

10.3.2 were cultured in KDM. Additionally, some cell-laden stromal structures were cul-

tured in LSC medium to assess the stability of these cell-laden structures in the co-cul-

ture condition.

On day 1 of culture in LSC medium, hASC-CSKs in HA-DA stromal structures started to

form extensions (Figure 25A) indicating that the cells have survived printing and one day

of culture in LSC medium. On day 1 and 2 of culture, the structure was still stable and

attached to the bottom of the culture dish. However, on day 5 of culture the cell-laden

structures had completely broken down as only small traces of the HA-DA structures as

well as few cells can be seen at the bottom of the culture dish (Figure 25A).

Instead, cell-laden HA-DA HAMA stromal structures with 30 and 60 s UV exposure time

were cultured in LSC medium for 14 days. Even though the structures remained stable

until day 14, on day 6 they detached from the bottom of the culture dish. Similarly, to cell-

laden HA-DA HAMA structures in KDM, the hASC-CSKs retained round morphology until

the end of culture on day 14 (Figure 25B). Live/Dead staining was performed on day 14

for cell-laden HA-DA HAMA structures with 30 and 60 s UV exposure time (Figure 25B)

and indicated that most of the cells in the HA-DA HAMA structures were dead on day

14.
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Cell-laden stromal structures cultured in LSC medium. Phase contrast im-
ages of hASC-CSKs printed in HA-DA stromal structures on day 1 and 5. Scale bars 100
µm for day 1 and 200 µm for day 5. (A). Phase contrast images of hASC-CSKs printed
in HA-DA HAMA stromal structures with 30 s and 60 s UV exposure time on day 2 and
14. Scale bars 200 µm. Viability of hASC-CSKs of respective sample on day 14 after
printing. Live cells (green), dead cells (red). Scale bars 400 µm. (B).
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10.4 Human cornea mimicking structures with stroma and epi-
thelium

Finally, based on the comparison of HA-DA and HA-DA HAMA stromal bioinks, cornea

mimicking structures with stroma and epithelium were printed. Since hASC-CSKs re-

tained rounded morphology in HA-DA HAMA stromal structures (Figure 22) and because

HA-DA cell-laden stromal structures had completely broken down on day 5 of culture in

LSC medium (Figure 25A), a HA-DA stromal bioink with an increased concentration of

crosslinking components was used. Cornea mimicking structures with stroma and epi-

thelium, were successfully created by first printing the stromal layer containing hASC-

CSKs. On top, ABCG2 enriched hPSC-LSCs were printed as epithelial layer. These

structures were cultured in two different co-culture conditions.

After 4 days of culture, all structures were stable and did not show signs of collapsing

due to cell proliferation. Moreover, structures cultured in LSC medium showed good vis-

ual transparency (Figure 26B). The hPSC-LSCs expressed ABCG2, and clear separa-

tion of the epithelial and stromal layer could be observed in the structure in LSC medium

on day 4 (Figure 26A). However, hASC-CSKs had mostly rounded morphology in the

structure cultured in LSC medium (Figure 26A).

On day 7 of culture, structures in LSC medium had considerably swelled compared to

day 4 (Figure 26D) whereas the structure in KDM+LSC medium had retained its shape

(Figure 26F). In both co-culture conditions, hPSC-LSCs expressed ABCG2, and clear

separation of the epithelial and stromal layer could be observed on day 7 (Figure 26C

and E). However, the hPSC-LSCs were mostly separately dispersed in the epithelial

layer and did not form stratified epithelium. In structures cultured in LSC medium, the

hPSC-LSC amount had decreased when compared to day 4, and hASC-CSKs main-

tained rounded morphology (Figure 26C). Instead, in the structure cultured in KDM+LSC

medium, elongated morphology of hASC-CSKs was clearly observed by phalloidin

stained actin filaments and the amount of hPSC-LSCs was higher (Figure 26E). These

results indicate that the KDM+LSC medium would be a more suitable co-culture condi-

tion for cornea mimicking structures with stroma and epithelium.
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Human cornea mimicking structures with stroma and epithelium. IF staining
with ABCG2 (green), Phalloidin (red) and nuclei stain Hoechst (blue) for orthogonal vis-
ualization of each structure demonstrating the separate epithelial and stromal layer as
well as images from stromal and epithelial layer separately. Structures on day 4 (A) and
day 7 (C) of culture in LSC medium as well as their visual appearance on day 4 (B) and
day 7 (D). Structure on day 7 of culture in KDM+LSC medium (E) and its visual appear-
ance (F). Scale bars 100 µm.
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11. DISCUSSION

3D bioprinting has emerged as a promising approach to produce corneal structures to

alleviate the shortage of donor corneas needed for corneal transplantation (Balters and

Reichl, 2023). When corneal structures with multiple layers of the cornea are 3D bi-

oprinted, different cell types must be co-cultured following the 3D bioprinting process.

While hPSC-LSCs show promise as the cell source for the epithelial layer (Hongisto et

al., 2017; Mikhailova et al., 2014), they demand a complex LSC medium during cell cul-

ture (CELLnTEC, 2023). In this medium, the HA-DA stromal bioink has not previously

maintained its structural stability, thus creating a challenge for bioprinting cornea mim-

icking structures with stroma and epithelium using this bioink. This thesis aimed to en-

hance the stiffness and stability of the HA-DA stromal bioink to enable co-culturing of 3D

bioprinted cornea mimicking structures with stroma and epithelium in the LSC medium

co-culture condition. To enhance the stiffness and stability of the HA-DA stromal bioink,

the composition was modified by incorporating a HAMA component to create a photo-

crosslinkable HA-DA HAMA stromal bioink.

To date, HAMA has not been previously incorporated into corneal bioinks (Table 1). In-

stead, GelMA has mainly been used to create photocrosslinkable bioinks for SLA, DLP

and extrusion-based bioprinting of corneal structures (He et al., 2022; Kilic Bektas and

Hasirci, 2020; Mahdavi et al., 2020a; Zhang et al., 2023; Zhong et al., 2021).  However,

in bone and cartilage bioprinting HAMA has been widely used as a bioink component

(Ghorbani et al., 2023) to increase stiffness (Kesti et al., 2015; Müller et al., 2015; Pol-

dervaart et al., 2017; Shopperly et al., 2022) and long-term stability (Kesti et al., 2015;

Poldervaart et al., 2017). Due to these previous observations, the incorporation of a

HAMA component into the HA-DA stromal bioink to improve stiffness and stability was

investigated. When the HA-DA stromal bioink is printed, the crosslinking components

HA-ALD and HA-DA-CDH undergo hydrazone crosslinking creating a HA-based polymer

network into the printed structure. Additionally, gelation of the Col I bioink component

occurs (OptiColTM, 2023). Since the HA-DA HAMA stromal bioink has HAMA as an ad-

ditional crosslinkable component, the bioprinted structures have a HAMA polymer net-

work after photocrosslinking in addition to the HA-based polymer network and Col I.

Therefore, the HA-DA HAMA stromal bioink is a hydrogel blend from which structures

with complementary polymer networks can be created, and it was hypothesized that this

HAMA polymer network would enhance the stiffness and stability of the bioprinted struc-
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tures. As the formation of the HA-based polymer network is based on hydrazone cross-

linking and the formation of the HAMA polymer network is based on photocrosslinking,

the HA-DA HAMA stromal bioink uses a combination of different crosslinking mecha-

nisms. To improve the biofunctionality or enhance the mechanical stability of bioinks,

combinations of crosslinking mechanisms have been used previously in different kinds

of multicomponent bioinks (Cui et al., 2020).

Next, the results for printability, shape fidelity, viscosity, swelling behavior, handling, me-

chanical properties, and transparency are discussed and compared between the HA-DA

and HA-DA HAMA stromal bioinks. Also, the effect of LSC medium on these bioinks is

examined following which the cytocompatibility of both bioinks with hASC-CSKs is dis-

cussed. Finally, this chapter is concluded with a discussion of and future perspectives

for 3D bioprinting human cornea mimicking structures with stroma and epithelium.

11.1 Characterization of stromal bioinks

Before assessing the effect of the HAMA component in the HA-DA stromal bioink, the

HA-DA HAMA stromal bioink composition was optimized without cells to find a composi-

tion with suitable printability, shape fidelity, and handling properties. These were charac-

terized since printability and shape fidelity are important requirements of bioinks (Schwab

et al., 2020) and the handling of printed structures gives indications about their stiffness

and stability. Replacing the unmodified HA in the original HA-DA stromal bioink with

HAMA created a HA-DA HAMA stromal bioink with good printability as well as good

shape fidelity immediately after printing. When HA-DA HAMA stromal structures were

exposed to UV immediately after printing, they were stable during incubation in the LSC

medium co-culture condition and kept their original shape well during handling.

After optimizing the HA-DA HAMA stromal bioink, it was compared to the original HA-DA

stromal bioink. Both the HA-DA and HA-DA HAMA stromal bioink had good printability

and good shape fidelity immediately after printing supported by the pore factor being

close to one for both bioinks. As the printing pressures did not significantly differ between

the bioinks, same printing parameters were used. With these parameters, the HA-DA

stromal bioink had greater filament thickness than the HA-DA HAMA stromal bioink. This

could be due to the optimal printing pressure of the HA-DA stromal bioink being slightly

lower than that of the HA-DA HAMA stromal bioink. In viscosity measurements, the peak

viscosities did not significantly differ between HA-DA and HA-DA HAMA stromal bioink

and the peak viscosity of HA-DA stromal bioink was only slightly lower. Therefore, the

viscosity measurements support the observation of only a slight difference in printing

pressures. Viscosity measurements also confirmed that both bioinks were shear-thinning
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as the viscosities of the bioinks decreased when shear rate was increased. Based on

this comparison, the HAMA component did not affect the printability or shear-thinning

behavior of the HA-DA stromal bioink. Shear-thinning is an important characteristic of

bioinks since it reduces unnecessary shear stresses towards cells in extrusion-based-

bioprinting and thus prevents cell death (Schwab et al., 2020). Also, shear-thinning al-

lows the bioink to immediately recover and solidify after extrusion to provide shape fidel-

ity since as the shear rate drops viscosity increases (Cui et al., 2020; Karvinen and Kel-

lomäki, 2023; Schwab et al., 2020). Therefore, the observed shear-thinning behavior of

the bioinks supports the good printability reported. These results are in line with previous

viscosity measurements conducted by Mörö et al. (2022) for the HA-DA stromal bioink

where it exhibited shear-thinning behavior.

Shape fidelity of bioprinted structures should be maintained after bioprinting for a desired

time such as over the period of cell culture (Karvinen and Kellomäki, 2023). The swelling

behavior of hydrogels, including those used in bioinks, is known to be influenced by en-

vironmental conditions (Ahmed, 2015). Consequently, the swelling behavior of the bioink

affects shape fidelity (Karvinen and Kellomäki, 2023). Therefore, both stromal bioinks

were characterized in two different incubation conditions: the LSC medium co-culture

condition and PBS. First, the shape fidelity of printed grid structures was analyzed. When

compared to the grids on day 0 before incubation, filament swelling and consequent de-

crease of pore area in the grids was observed in both incubation conditions visually and

by analyzing the filament thickness as well as pore area. The swelling is due to the nature

of the bioinks since the hydrogels in both bioinks swell upon immersion into liquid (Ah-

med, 2015; Mantha et al., 2019). Over the incubation period, the swelling of the grid

structures was greater in LSC medium than PBS for both bioinks indicating better shape

fidelity and improved stability of the bioinks in PBS. The greater swelling in LSC medium

can be caused by the inflow of medium components such as proteins. Different swelling

behavior for HA-based hydrogel structures incubated in medium and PBS has also been

previously reported by Koivusalo et al. (2019). They attributed the greater swelling in

medium to the dynamic nature of the hydrazone bond and suggested that the bond may

interact with proteins present in the medium (Koivusalo et al., 2019). The dynamic nature

of the hydrazone bond means that the hydrazone bond is a dynamic covalent bond that

has significantly higher strengths than physical bonds while still being reversible and

having the ability to rearrange to permit cell spreading (Wang et al., 2018). Since the

crosslinking of the HA-based hydrogels used by Koivusalo et al. (2019) is based on the

same hydrazone crosslinking of HA-ALD and HA-DA-CDH used for the HA-DA and HA-

DA HAMA stromal bioinks of this thesis, the greater swelling observed here in medium
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could be due to the hydrazone bond interacting with proteins of the LSC medium. How-

ever, this is only one possible factor influencing swelling, and it should be noted that the

bioinks of this thesis included other components in addition to HA-ALD and HA-DA-CDH

whereas the HA-based hydrogels used by Koivusalo et al. (2019) were composed of only

HA-ALD and HA-DA-CDH.

Comparison of the two bioinks in LSC medium revealed that on day 7 no significant

difference in filament thicknesses between the bioinks occurred indicating similar shape

fidelity on day 7. However, on day 14 of incubation, the observed increase in filament

thickness and decrease in pore area were slightly smaller for the HA-DA HAMA stromal

bioink implying lower swelling, better shape fidelity, and improved stability of the HA-DA

HAMA stromal bioink in LSC medium. These findings are supported by the handling and

swelling behavior of the printed stromal structures. There were no significant differences

in handling on day 7 but on day 14 HA-DA stromal structures were considerably softer

than HA-DA HAMA stromal structures losing their shape during handling. Moreover, the

weight of both HA-DA and HA-DA HAMA stromal structures increased during incubation

in LSC medium, and this increase was slightly smaller for HA-DA HAMA stromal struc-

tures. These results indicate that the addition of the HAMA component into the HA-DA

stromal bioink slightly improves the stability of the bioink in LSC medium as filament

swelling is reduced, handling is improved, and weight increase due to swelling is smaller.

The improved stability could be due to the formation of the HAMA polymer network into

the bioprinted structures after photocrosslinking and that this photocrosslinked HAMA

polymer network decreases the swelling of the HA-DA HAMA structures. This would be

in line with previous results where photocrosslinked HAMA reduced swelling of dopa-

mine-grafted HA hydrogels (Nejati and Mongeau, 2023). The reduced swelling due to

HAMA was attributed to the hydrophobic nature of methacrylate groups and to the pho-

tocrosslinking between the methacrylate groups (Nejati and Mongeau, 2023) which could

also explain the observations made here.

Interestingly, the results for filament swelling, handling, and weight change of the bioinks

in PBS differed significantly from those obtained for LSC medium. Instead of filament

swelling continuing from day 7 to 14, the filament thickness slightly decreased, and pore

area slightly increased from day 7 to day 14 in PBS for both bioinks and these changes

were slightly greater in the HA-DA stromal bioink. Also, instead of weight increase during

incubation, the weight of the stromal structures decreased during incubation in PBS and

this decrease was more substantial in HA-DA stromal structures. Previously when char-

acterizing the HA-DA stromal bioink structures Mörö et al. (2022) also observed weight
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loss after initial swelling during incubation in PBS and offered as an explanation the re-

moval of free unmodified HA and CoI I added to the bioink formulation to improve the

rheological properties of the bioink. Thus, here the decrease in filament thickness and

weight is most likely also due to the removal of free unmodified HA and CoI I from the

HA-DA stromal bioink during incubation. Instead, as the unmodified HA is replaced with

HAMA in the HA-DA HAMA stromal bioink, the decrease in filament thickness and weight

could be due to the removal of free Col I from the bioink and the smaller changes ob-

served when compared to the HA-DA stromal bioink could be attributed to removal of

fewer components from the bioink. Alternatively, the smaller changes could be caused

by the photocrosslinked HAMA polymer network decreasing the swelling of the HA-DA

HAMA stromal structures as suggested earlier for structures incubated in LSC medium.

Mechanical properties are important for the stability of the material during cell culture

and influence cellular behavior such as migration and stem cell differentiation (Caliari

and Burdick, 2016). Therefore, the viscoelastic properties of printed stromal structures

were analyzed. After 7 days of incubation, the storage moduli of stromal structures re-

mained relatively unchanged in PBS for both bioinks whereas the storage moduli de-

creased in LSC medium. This was also observed during handling as stromal structures

incubated in LSC medium were softer. These results indicate that LSC medium de-

creased the stiffness of stromal structures during incubation. Previously, Koivusalo et al.

(2019) found that cell-laden HA-based hydrogels cultured for 24 h had a reduction in

storage moduli when compared to acellular structures and suggested that this could be

due to proteins and biomolecules present in the cell culture medium as well as cell sur-

face proteins. Therefore, the decrease in stiffness observed here in bioprinted stromal

structures could be due to the components of the LSC medium. The LSC medium com-

ponents could disturb the stability of the hydrazone crosslinks in the bioink leading to a

decrease in the number of crosslinks causing a decrease in the stiffness of the structure.

Additionally, as stiffer networks with a higher degree of crosslinking typically exhibit lower

swelling (Caliari and Burdick, 2016; Chimene et al., 2020), the decreased stiffness in

LSC medium is in line with the more substantial swelling of structures in LSC medium.

As the aim was to enhance the stiffness and stability of the HA-DA stromal bioink, the

effect of the HAMA component was also analyzed by comparing the storage moduli of

HA-DA and HA-DA HAMA stromal structures. Based on storage moduli comparison at 1

Hz between bioinks, HA-DA HAMA stromal structures were significantly stiffer than HA-

DA stromal structures in both incubation conditions on day 1. This confirms that the ad-

dition of HAMA to the HA-DA HAMA stromal bioink improves the stiffness of the bi-

oprinted structures immediately after printing. However, as stated earlier, the storage



89

moduli of both bioinks decreased in LSC medium but this decrease was greater for HA-

DA HAMA stromal structures to the extent that the storage moduli of HA-DA HAMA stro-

mal structures had decreased to that of HA-DA stromal structures on day 7. This implies

that LSC medium has a more considerable effect on the HA-DA HAMA stromal structures

during incubation. Since HA-DA HAMA stromal structures have an additional HAMA pol-

ymer network, this network may influence the crosslinking of the HA-based polymer net-

work in HA-DA HAMA stromal structures. If the HAMA polymer network influences the

formation of the HA-based polymer network, the crosslinking density of the HA-based

polymer network could be reduced. This could be caused by, for example, the HAMA

polymer network limiting the available space or accessibility of reactive groups needed

for the hydrazone crosslinking of the HA-based polymer network. Consequently, this less

densely crosslinked HA-based polymer network in HA-DA HAMA stromal structures

could be more susceptible to LSC medium as the medium could disturb the stability of

the hydrazone bonds. As a result, by day 7 of incubation in LSC medium, the HA-DA

HAMA stromal structures would have a very loosely crosslinked HA-based polymer net-

work left, if any at all. This would leave behind a structure with substantially reduced

stiffness due to the stiffness mainly relying on the stiffness of the HAMA polymer network

with a highly porous structure. Moreover, an indication that the HA-based polymer net-

work is indeed more susceptible to LSC medium than the HAMA polymer network and

responsible for the decrease in stiffness of HA-DA HAMA stromal structures, is that on

day 5 of culture in LSC medium, cell-laden HA-DA stromal structures had completely

broken down whereas cell-laden HA-DA HAMA stromal structures could be cultured for

14 days without collapsing. However, it must be noted that cell-laden and acellular struc-

tures cannot directly be compared since cells and cellular functions may also affect the

bioinks.

High transparency of the cornea is required for light transmission and refraction (Fuest

et al., 2020). Human corneal light transmittance values increase with wavelength from

80% to 94% between 450 – 600 nm and is over 95% at wavelength 600 – 1000 nm

(Beems and Van Best, 1990). Here, the transmittance of bioprinted structures was close

to that of natural cornea. The transmittance for HA-DA and HA-DA HAMA stromal struc-

tures was 74.4 – 86.4% and 83.7 – 89.9%, respectively, in the visible light spectrum and

are considered excellent in corneal transparency classification (Ventura et al., 2005).

The results align with transmittance values previously reported for bioprinted corneal

structures: 75 – 90% (Kutlehria et al., 2020), 65.8 – 99.5% (Boix-Lemonche et al., 2023),

78 – 95% (Mahdavi et al., 2020a) and 85 – 94% (Zhang et al., 2019a). Moreover, visual

evaluation of transparency revealed that both acellular and cell-laden structures had
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good transparency and that there was no major difference between transparency when

comparing HA-DA and HA-DA HAMA structures. This is in accordance with earlier ob-

servations made by Mörö et al. (2022) who reported that HA-DA stromal bioink structures

containing hASC-CSKs were transparent. These findings demonstrate that the HA-DA

and HA-DA HAMA stromal bioinks could be appropriate for corneal TE regarding trans-

parency. Interestingly, HA-DA acellular and cell-laden stromal structures turned slightly

yellow while remaining transparent by day 7. This is caused by the gradual self-polymer-

ization of the free dopamine moiety in the HA-DA-CDH crosslinking component and was

also observed by Koivusalo et al. (2019) and Mörö et al. (2022) in acellular structures.

Instead, HA-DA HAMA stromal structures remained transparent without any color

change during incubation indicating that the gradual self-polymerization of dopamine

does not occur and could be affected by the HAMA polymer network.

To conclude, based on characterizing the bioinks and bioprinted stromal structures with-

out cells, the HA-DA HAMA stromal bioink seemed to have slightly improved stiffness

and stability when compared to the HA-DA stromal bioink when considering handling,

swelling, and shape fidelity of printed structures after 14 days of incubation in LSC me-

dium. Also, on day 1 after printing HA-DA HAMA stromal structures were significantly

stiffer than HA-DA stromal structures. However, on day 7 the stiffness of HA-DA HAMA

stromal structures had reduced to that of HA-DA stromal structures. Notably, rheological

tests were not performed for printed stromal structures on day 14 where the most prom-

inent benefits of the HA-DA HAMA stromal bioink over the HA-DA stromal bioink had

been observed in handling and shape fidelity. Based on these results for bioink charac-

terization, the HA-DA HAMA stromal bioink seemed like a suitable option for the LSC

medium co-culture condition. Additionally, it was discovered that the shape fidelity, swell-

ing behavior, and mechanical properties of stromal structures significantly differed be-

tween the LSC medium co-culture condition and PBS. As a possible explanation for

these findings, it was suggested that components of the LSC medium could disturb the

hydrazone bonds of HA-based polymer networks in the bioinks leading to greater swell-

ing and reduced mechanical properties. These findings demonstrate that the conditions

where materials are characterized in should be chosen bearing in mind the final applica-

tion since for example the composition of cell culture mediums differ largely from the

commonly used PBS. Moreover, as the composition of cell culture medium varies largely

between cell types, especially stem cells, (van der Sanden et al., 2010), and since man-

ufacturers do not always disclose medium components, material characterization should
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be always done for each application separately. This is especially important in 3D bi-

oprinting applications since the shape fidelity of bioprinted structures should be main-

tained after bioprinting for a desired time period (Karvinen and Kellomäki, 2023).

11.2 Cytocompatibility of stromal bioinks

In addition to good printability, shape fidelity, and suitable mechanical properties, bioinks

should enable the natural functions of cells (Deo et al., 2020; Karvinen and Kellomäki,

2023). The HA-DA stromal bioink demonstrated good cytocompatibility as viability was

high on day 7 after printing and hASC-CSKs had elongated morphology in stromal struc-

tures. This corresponds with the excellent cytocompatibility of the HA-DA stromal bioink

previously reported by Mörö et al. (2022). Instead, the number of dead cells was high in

stromal structures printed with the HA-DA HAMA stromal bioink and viable cells retained

rounded morphology throughout culture in HA-DA HAMA stromal structures with both 30

and 60 s UV exposure times. These results demonstrate that even though the HA-DA

HAMA stromal bioink had improved stability for the LSC medium co-culture condition, it

did not have the necessary cytocompatibility required for bioinks. This highlights that

initial cell screenings should always be done when designing new bioinks for bioprinting

(Karvinen and Kellomäki, 2023). Next, the differences and possible explanations for

these observations are discussed in more detail.

It is known that UV light used in the crosslinking process of bioinks may affect cytocom-

patibility (Zennifer et al., 2022). UV light with wavelengths in the range of 320 – 400 nm

can damage the DNA of cells and it has been also suggested that the free radicals

formed from the cleavage of photoinitiators during photocrosslinking of bioinks could be

responsible for cytotoxicity (Knowlton et al., 2017; Lim et al., 2020). UV light with wave-

length of 365 nm was used in this thesis. It is a commonly used wavelength due to being

closer to the visible light range and therefore used to minimize genotoxicity and cytotox-

icity (Lim et al., 2020). Here, the results indicate that UV exposure may have some effect

on cell viability as the number of dead cells was slightly higher in HA-DA HAMA stromal

structures exposed to UV than in structures without UV exposure. Therefore, the unsuit-

able cytocompatibility of the HA-DA HAMA stromal bioink could be due to the free radi-

cals formed during photocrosslinking which could be harmful to hASC-CSKs and/or the

UV light of 365 nm used since it is in the DNA damaging UV light range. However, no

significant effects on cell viability were detected when decreasing UV exposure time from

60 to 30 s. This could be due to a relatively small difference between these exposure

times and therefore no significant differences would be observed after initial UV expo-

sure. Nevertheless, good cell viability has been previously observed in 3D bioprinted
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structures exposed to UV light. For example, hASCs bioprinted with GelMA as bioink

and exposed to 180 s of UV light were reported to have a viability of 88.8% on day 1 and

93.6% on day 15 after extrusion-based-bioprinting (Albrecht et al., 2022). Also, hCSK

viability has been over 95% after 3 weeks of culture in UV crosslinked GelMA structures

printed using extrusion-based bioprinting (Kilic Bektas and Hasirci, 2020). Therefore, to

evaluate whether the unsuitable cytocompatibility of HA-DA HAMA stromal bioink is due

to the UV light or exposure time, the viability of hASC-CSKs could be assessed in the

original HA-DA stromal bioink upon UV exposure. Also, the use of visible light for photo-

crosslinking could be tested since LAP, the used photoinitiator, also absorbs in the visible

light range (405 nm) (Knowlton et al., 2017; Lim et al., 2020). An alternative reason for

the unsuitable cytocompatibility could be the environment that HA-DA HAMA stromal

bioink creates for the cells after photocrosslinking which is discussed next.

After bioprinting, bioinks should provide an environment that mimics the natural ECM

supporting cellular functions (Deo et al., 2020). It is known that matrix stiffness influences

the behavior of encapsulated cells and that stiff structures formed from densely cross-

linked hydrogel networks can restrict cell migration and limit nutrient diffusion (Chimene

et al., 2020). Previously, hCSKs showed rounded morphology in 3D bioprinted GelMA

structures and this was attributed to high crosslinking density in the structures which may

have restricted the cell mobility and diffusion of oxygen and growth medium (Kilic Bektas

and Hasirci, 2020). Here, IF staining shows that the hASC-CSKs retain rounded mor-

phology in HA-DA HAMA stromal structures throughout the 21-day culture. Therefore,

another explanation for the inferior cytocompatibility of the HA-DA HAMA stromal bioink

could be that the bioink cannot support cell migration and other cellular functions. This

could be due to the high initial stiffness of the bioprinted structures and the rapid de-

crease of mechanical properties by day 7 creating an unsuitable environment for hASC-

CSKs to grow and migrate in. However, it is important to consider that the characteriza-

tion of mechanical properties was done without cells and with different culture medium.

Therefore, to make better conclusions about the effects of matrix stiffness on the hASC-

CSKs, the characterization should be performed with cell-laden structures in the same

media. Instead in HA-DA stromal structures, hASC-CSKs were able to migrate and form

cell-cell interactions indicated by elongated morphology and the expression of the gap

junction protein Cx43 on day 7. By the end of culture on day 21, the hASC-CSKs had

continued to form cellular networks demonstrating that the HA-DA stromal bioink can

provide a more suitable environment for hASC-CSKs. Previously, Mörö et al. (2022) re-

ported that when compared to hASCs in bioprinted HA-DA stromal structures, hASC-
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CSKs had more dendritic cell morphology with roundish cell bodies and thin cellular ex-

tensions. Here, hASC-CSKs did not demonstrate such morphology which could be due

to using a different hASC line or due to continuing differentiation before bioprinting for 14

days instead of seven days as reported by Mörö et al. (2022). Nonetheless, HA-DA stro-

mal bioink showed superior cytocompatibility over HA-DA HAMA stromal bioink which

will be discussed further next.

Cells should express their normal functions in printed constructs in addition to high via-

bility (Wu et al., 2023), and thus the future success of corneal bioprinting relies on the

ability of printed cells to facilitate ECM remodeling to establish the functionality of the

tissue (Isaacson et al., 2018; Mörö et al., 2022). Therefore, here, the expression of cor-

nea stroma specific markers Col I and lumican were evaluated. In native corneal ECM,

Col I is arranged as highly organized fibrils and is produced by hCSKs (S. Chen et al.,

2015; Meek and Knupp, 2015). IF staining shows that Col I expression changes in HA-

DA stromal structures with hASC-CSKs during the 21-day culture. Extracellular Col I did

not have fiber-like appearance on day 7 but by day 21 was clearly fiber-like. This fiber-

like Col I observed on day 21 could be produced by hASC-CSKs as the intracellular

expression decreased from day 14 to 21. However, since the HA-DA stromal bioink also

contains human Col I, the observed fiber-like Col I could be from the bioink which may

have self-assembled over time or been remodeled by the hASC-CSKs. To examine

whether the fiber-like Col I is from the bioink or produced by the cells, gene expression

profiling and IF staining could be performed for cell-laden HA-DA stromal structures with

and without the Col I bioink component. If hASC-CSKs were responsible for the produc-

tion or remodeling of the Col I it could indicate functionality of the cells since one of the

important functions of hCSKs is to synthesize collagens and maintain ECM environment

(Sridhar, 2018). Previously, Sorkio et al. (2018) have also observed fiber-like Col I in

bioprinted stromal structures which was likely produced or remodeled by the bioprinted

hASCs. Moreover, the expression of lumican was examined as lumican is one of the

major proteoglycans of the stroma (Carlson et al., 2005). The cornea stroma specific

marker lumican was expressed intracellularly throughout the culture and extracellular

lumican expression with fibrillar organization increased during culture in HA-DA stromal

structures. This is in accordance with earlier observations made by Mörö et al. (2022)

who reported lumican expression with fibrillar organization in HA-DA stromal structures

prepared with hASC-CSKs. Lumican expression of hASC-CSKs also indicates that dif-

ferentiation of hASCs towards CSK lineage has been induced and continues in the bi-

oprinted HA-DA stromal structure. Nevertheless, this should be confirmed with gene ex-

pression profiling with for example quantitative real-time polymerase chain reaction
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(qPCR) analysis as previously reported by Mörö et al. (2022). Instead, in HA-DA HAMA

stromal structures extracellular Col I was not fiber-like and only some possible intracel-

lular lumican expression was observed demonstrating again that the HA-DA HAMA stro-

mal bioink cannot support cellular functions, and that the HA-DA stromal bioink has su-

perior cytocompatibility.

As the aim of this thesis was to modify the stiffness and stability of the HA-DA stromal

bioink to enable the co-culture of 3D bioprinted cornea mimicking structures with stroma

and epithelium in LSC medium, the stability of cell-laden stromal structures was also

assessed in the co-culture condition. HA-DA stromal structures had completely broken

down on day 5 of culture whereas HA-DA HAMA structures remained stable until the end

of culture but had hardly any viable cells on day 14. This confirms that even though the

structure remained stable until the end of culture the HA-DA HAMA stromal bioink is not

cytocompatible with hASC-CSKs. Instead, the breaking down of HA-DA stromal struc-

tures by day 5 demonstrates the initial problem with HA-DA stromal structures not main-

taining their structural stability when cultured in LSC medium. A reason for the rapid

breakdown by day 5, which was not observed for acellular structures, could be the cells

present in the bioink interfering with the crosslinking process decreasing the degree of

crosslinking (Cui et al., 2020). Also, the rapid collapse of HA-DA stromal structures in

LSC medium confirms that the LSC medium specifically has a significant effect on the

HA-DA stromal bioink stability since cell-laden HA-DA stromal structures could be cul-

tured in KDM until the end of incubation on day 21. The stability of the HA-DA stromal

structures in KDM is in line with previous observations since cell-laden HA-DA stromal

structures have been cultured up to day 21 in KDM and hASC medium (Mörö et al.,

2022). Since the composition of the LSC medium is undisclosed, it is impossible to pre-

cisely compare the medium composition of KDM and LSC medium to determine why HA-

DA stromal structures are more stable in KDM. Possibly, as LSC medium (CELLnTEC,

2023) has more medium components than KDM (Chapter 9.6.2) the combined effect of

all these components could influence the HA-DA stromal structures.

11.3 Human cornea mimicking structures with stroma and epi-
thelium

Finally, a proof-of-concept for extrusion-based 3D bioprinting of human cornea mimick-

ing structures with stroma and epithelium was tested and the printed structures were co-

cultured in two different co-culture conditions: LSC medium and KDM+LSC medium. As

the cytocompatibility of the HA-DA HAMA stromal bioink was inadequate and the HA-DA
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cell-laden stromal structures had collapsed during culture in LSC medium, the crosslink-

ing component concentration of the HA-DA stromal bioink was increased to prolong the

culture time in LSC medium. Increasing the concentration of crosslinking components in

the bioink increases the number of crosslinks in bioprinted structures, and therefore

should be more stable in the LSC medium. Structures were stable in both co-culture

conditions on day 4 of culture. However, on day 7 structures in the LSC medium co-

culture condition had swelled considerably while structures in the KDM+LSC co-culture

condition remained stable. This implies that the LSC medium and the cells disturb the

stability of the HA-DA stromal bioink, despite the culture time being prolonged from 5 to

7 days by increasing crosslinking component concentration. Also, as the structures are

more stable in the KDM+LSC co-culture condition, the results confirm that the composi-

tion of the medium had a significant effect on the stability of the structure.

Previously, 3D bioprinting of corneal structures containing stromal and epithelial layers

has been conducted using LaBP (Sorkio et al., 2018) and DLP (He et al., 2022). There-

fore, to the best of my knowledge, this is the first time extrusion-based 3D bioprinting has

been used for the fabrication of multiple layers of the cornea. Corneal structures contain-

ing stromal and epithelial layers were printed successfully and IF staining revealed that

the epithelial and stromal layer were clearly separated as ABCG2 expressing hPSC-

LSCs were only expressed on the uppermost part of the printed structures.  Previously,

Sorkio et al. (2018) reported bioprinted hESC-LSCs forming a stratified layer on the sur-

face of bioprinted stromal structures. Here however the hPSC-LSCs did not form strati-

fied epithelium and the cells were mostly dispersed separately within the epithelial layer.

This could be due to the hPSC-LSC cell density being lower in this thesis when compared

to Sorkio et al. (2018) who used a high cell density of 30 million cells/ml. Therefore, in

the future, a higher cell density should be tested to see whether it could allow the for-

mation of a stratified epithelium onto the stromal layer.

The clear separation of the epithelial and stromal layer could be observed in both co-

culture conditions, but on day 7 the amount of hPSC-LSCs was lower in LSC medium

and the hASC-CSK cell morphology differed significantly between the two conditions

hASC-CSKs having elongated morphology only in KDM+LSC medium. A possible ex-

planation for the reduced number of hPSC-LSCs on day 7 in LSC medium could be the

more significant swelling observed in LSC medium than in KDM+LSC medium. This

would be in line with previous observations where cell loss from hydrogels was attributed

to swelling pulling cells further away from each other and the wash-out of unattached

cells (Koivusalo et al., 2018). Notably, as the number of hPSC-LSCs on day 7 was higher

and hASC-CSKs had elongated morphology only in KDM+LSC medium, the KDM+LSC
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medium co-culture condition seems to be more suitable for the co-culture of cornea mim-

icking structures with stroma and epithelium. This is reasonable since the KDM+LSC

medium contains components to support both cell types during culture. Typically, co-

culture medium design gives more consideration to the relatively more sensitive cell type,

which in this case was the hPSC-LSCs, but importantly an optimal co-culture medium

should be designed to support the proliferation, differentiation, and maintenance of phe-

notypes of all co-cultured cell types (Wu et al., 2023). This is challenging and thus in the

future, the KDM+LSC medium co-culture condition should be developed further and the

effect of the co-culture condition on both cell types should be analyzed. Previously, the

co-culture of human CSSCs and corneal epithelial cells led to more complete differenti-

ation and growth of both cell types when compared to the culture of the cell types alone

(Gosselin et al., 2018). Thus, also interactions between hASC-CSKs and hPSC-LSCs

should be studied.

11.4 Future perspectives

In this thesis, a photocrosslinkable HA-DA HAMA stromal bioink was developed which

showed slightly improved stability in the LSC medium co-culture condition. Nevertheless,

the bioink did not have the necessary cytocompatibility. Thus, it was not used for bioprint-

ing cornea mimicking structures with stroma and epithelium. To fully understand, why

the HA-DA HAMA stromal bioink did not have adequate cytocompatibility, the effect of

UV light or exposure time on the hASC-CSKs could be analyzed as discussed in Chapter

11.2. In addition, the possible effect of the HAMA polymer network on the HA-based

polymer network crosslinking could be studied in more detail to understand the rapid

changes happening in stiffness during incubation in LSC medium. For example, to de-

termine whether the HAMA polymer network influences the crosslinking of the HA-based

polymer network, the concentration of HAMA could be decreased in the bioink, to study

if better hydrazone crosslinking of the HA-based polymer network occurs due to in-

creased space for accessibility of reactive groups. This could create a HA-DA HAMA

stromal bioink which does not have as rapid changes in stiffness during culture if the HA-

based polymer network were better crosslinked. After this, it would be important to as-

sess whether these changes in the bioink composition would affect the cytocompatibility

of the bioink. Additionally, the cytocompatibility of the HA-DA HAMA stromal bioink could

be studied with other cell types instead of hASC-CSKs. All in all, if the HA-DA HAMA

stromal bioink were to be used for bioprinting of cornea mimicking structures in the future,

further optimization of the composition of the bioink is needed together with cytocompat-

ibility test of the modified compositions.
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However, at the moment a more promising approach for bioprinting cornea mimicking

structures with stroma and epithelium is using a HA-DA stromal bioink composition with

increased crosslinking component concentration together with an appropriate culture

medium which would be the KDM+LSC medium based on the findings of this thesis. In

the future, the crosslinking component concentration of this bioink could be raised to

further increase the crosslinking density and enable better stability during culture. The

cytocompatibility of this bioink, as well as the effects of the suggested KDM+LSC me-

dium on cell proliferation, differentiation, and phenotypes, should be studied. Also, in

cornea mimicking structures with stroma and epithelium, cell densities should be opti-

mized, and the interactions between different cell types should be analyzed. In order to

utilize 3D bioprinted cornea mimicking structures for transplantation, in vivo studies of

the structures are needed, the curved shape of the cornea should be considered, and

structures with mechanical properties closer to those of the natural cornea should be

created (Balters and Reichl, 2023).
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12. CONCLUSIONS

The aim of this thesis was to enhance the stiffness and stability of the HA-DA stromal

bioink to enable the co-culture of 3D bioprinted cornea mimicking structures with stroma

and epithelium in the LSC medium co-culture condition. For this, a photocrosslinkable

HA-DA HAMA stromal bioink was created and compared to the original HA-DA stromal

bioink. The printability, viscosity, shape fidelity, swelling behavior, handling, mechanical

properties, and transparency were first compared in stromal structures without cells. Af-

ter this, the cytocompatibility of both bioinks with hASC-CSKs was assessed. Finally,

based on the results cornea mimicking structures with stroma and epithelium were

printed.

HA-DA and HA-DA HAMA stromal bioinks had similar printability, shear-thinning behav-

ior, and transparency which were suitable for corneal 3D bioprinting. Moreover, based

on characterizing the bioinks and printed stromal structures without cells in LSC medium,

the HA-DA HAMA stromal bioink seemed to have improved characteristics regarding

handling, swelling, and shape fidelity of printed structures. However, the HA-DA HAMA

stromal bioink did not have the necessary cytocompatibility required for bioinks, and the

cytocompatibility of the HA-DA HAMA stromal bioink was inferior when compared to the

HA-DA stromal bioink. This demonstrated the importance and need for cytocompatibility

tests as a part of bioink characterization. In addition, it was confirmed that the LSC me-

dium co-culture condition has a significant effect on the HA-DA stromal bioink properties.

Thus, bioink characterization should always be conducted considering the final applica-

tion of the 3D bioprinted construct.

In the final part of this thesis, cornea mimicking structures with stroma and epithelium

were printed successfully for the first time using extrusion-based bioprinting. For this, a

HA-DA stromal bioink with increased crosslinking component concentration was used

which prolonged the culture time but did not give sufficient stability in LSC medium. How-

ever, it was discovered that a co-culture condition combining KDM and LSC medium is

more suitable as a co-culture condition for cornea mimicking structures with stroma and

epithelium due to better fulfilling the needs of both cell types and due to the HA-DA stro-

mal bioink having improved stability in the medium. Despite successful findings, further

research is needed to optimize the cell density in the epithelial layer and to analyze the

effect of the co-culture medium on cells. Consequently, this thesis advances the devel-

opment of stable and functional bioprinted corneal structures and provides valuable in-

formation in the field of bioprinting multiple cell types into one structure.
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